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PREFACE 
 
 
The use of the Internet and other digital information technologies requiring 
high speed data transmission uses fiber optics to send information encoded 
into light over long distances. Due to the ever growing use of digital 
information, fiber optics are used in applications such as sensors, laser 
delivery system, imaging and other applications demanding light cables and 
faster, more efficient data transmission. The research upon improving the 
technologies of fiber optics are still ongoing with new emergence of 
technologies making data transmission even more efficient. Efficiency of the 
fiber optics depends highly on the design and materials used for main 
elements in the system to reduce losses and increase speed of transmission. 
Optical Fiber Laser Technology Series 1 covers topics in the research of fiber 
optics, wifi networking, laser and semiconductor in relation to the technology 
of fiber optic. The book covers wide area of applications of fiber optics and 
the current research of the topic as presented in the 1st Symposium on 
Optical Fiber Laser Technology 2018. This book is suitable as a reference 
guide to researchers and graduate science and engineering students. 
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CHAPTER 1 
 
 
OCTAVE SPANNING SUPERCONTINUUM GENERATION IN 
A FEW MODE FIBER 
 
Noor Azura Awang
 
 
Optical Fiber Laser Technology Focus Group,  
Department of Physic and Chemistry,  
Faculty of Applied Sciences and Technology,  
Universiti Tun Hussein Onn Malaysia, Pagoh Educational Hub, 
84600 Johor, Malaysia. 
 
 
1.1  INTRODUCTION 
 
Supercontinuum (SC) from optical fibres [1-3] has recently gained significant 
interest in the development of new broadband optical sources for applications 
requiring a tunable, bright source operating in the pico- to nano-second range for 
communications. Typically, ultra-short pulses are generated using bulk laser 
systems such as Titanium-Sapphire (Ti-Sapphire) lasers, but require critical 
optical alignment and many other sophisticated optical techniques, thus making 
these systems complicated, expensive and not suitable for laboratories with a 
limited budget. An alternative approach is to generate these short pulses using 
rare-earth doped fibres, which would allow for the development of cheap, 
compact, stable and easy to maintain sources for SC generation [4, 5]. Such a 
system will also find applications in the areas of optical coherence tomography 
[6], spectroscopy [7] and frequency metrology [8]. The process of SC generation 
is normally done in a non-linear fibre, whereby SC is a complex nonlinear 
phenomenon that is characterized by the dramatic spectral broadening of intense 
light pulses passing through a nonlinear medium. 
 
Recently, more attention has been paid to nonlinear fiber with longer infrared 
transmission windows such as Highly Nonlinear Fiber (HNLF), Photonic Crystal 
Fiber (PCF) and Chalcogenide Fiber. Therefore, the Few Mode Fiber (FMF) is the 
alternative fiber for infrared transmission window. This fiber possess a high 
refractive index and can support high optical power than Single Mode Fiber 
(SMF). In this book, the feasibility of FMF transmission systems by studying the 
supercontinuum generation in two modes is presented. In most reported 
experiments, SC generation is observed by higher-order mode excitation in other 
nonlinear fiber. However, broad tunable soliton and associated dispersive wave 
sources by two modes in FMF is also investigated. 
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1.2 EXPERIMENTAL SETUP 
 
The schematic diagram of supercontinuum generation of few mode fibers by 
using CNT-based mode-locked fiber laser is shown in Fig. 1.1, where the 3 m 
long Erbium-doped fiber (EDF) acts as the gain medium. The EDF is pumped 
with 1480 nm laser diode (LD) through a 1480 nm port of a fused 1480/1550 nm 
wavelength division multiplexer (WDM). The EDF is then connected to the input 
port of an optical isolator as to ensure unidirectional oscillation in the clockwise 
direction within the ring cavity, which is then connected to the saturable absorber 
(SA). The SA formed by sandwiching a thin layer of carbon nanotube (CNT) 
between FC/PC connectors is then connected to the 1x2 3dB coupler. 50% port of 
the 3dB coupler is connected to the 8 m spool of single mode fiber (SMF) and the 
other 50% port is then connected back to the 1550-nm port of WDM, thereby 
completing the ring cavity (see Fig. 1.1). 
 
The output of the mode-locked laser is extracted out after 8 m spool SMF by using 
optical spectrum analyzer (OSA Yokogawa AQ6375) with resolution 0.02 nm for 
spectral analysis. A Tektronix TDS 3052C oscilloscope together with an Agilent 
83440C lightwave detector is used to measure the properties of the mode-locked 
pulse train. The radio frequency spectrum of the mode locked pulses is also 
observed by using an Anritsu MS2683A radio frequency spectrum analyzer 
(RFSA) and the mode-locked time characteristics are measured using an Alnair 
HAC-200 auto-correlator. The stable mode-locked laser is then amplified by using 
high power erbium doped fiber amplifier (EDFA) which is connected to the 500 m 
spool few mode fibers and subsequently to a 90:10 fused coupler. The few mode 
fibers used is two mode step index fiber. A portion of the signal from coupler is 
extracted for further analysis of the supercontinuum generation, while the 90% is 
left without connecting to anything. The output of few mode fiber is align by 
using mechanical mode filter. This mechanical mode filter can allow the 
fundamental LP01 or LP11 mode to propagate with minimal loss. Yokogawa 
AQ6375 optical spectrum (OSA) with resolution of 0.5 nm is used to measure the 
output spectrum of the generated supercontinuum.  
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Fig. 1.1   Experimental set up for supercontinuum generation of few mode fibers by 
CNT-based mode-locked fiber laser. 
 
 
1.3 RESULT AND DISCUSSION 
 
Mode-locked pulses can be observed at the threshold pump power of about 18 
mW however the most stable optical spectrum is obtained as shown in the Fig. 
1.2. The optimal mode-locked operation is attained when the pump power is 
raised to 24 mW with the wavelength ranging from 1535 nm to 1580 nm and the 
central wavelength of 1557 nm.  This optimal operation corresponds to the mode-
locked regime whereby a single pulse train is produced at a fundamental repetition 
rate with the lowest pulse duration. The 3dB bandwidth of the spectra is about 5.2 
nm.  
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Fig. 1.2   The mode-locked output spectrum as taken from the OSA 
 
 
Fig. 1.3 shows the mode-locked pulse train as obtained from the oscilloscope. The 
pulses are observed to have a repetition rate of 13.36 MHz with correspond to a 
pulse spacing of about 75 ns in the time domain. Measurement of the average 
output power and pulse energy of the pulse yields values of approximately 1.8 
mW and 134 pJ respectively. The repetition rate of the pulse train is a result of the 
cavity length, and thus it can be predicted that shortening cavity length will 
increase the repetition rate and vice-versa [18- 20]. 
 
 
 
Fig. 1.3   Output pulse train of the mode-locked pulse with a repetition rate of 
13.36 MHz. 
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The autocorrelation trace in Fig. 1.4 is represented by the sech2 and the Gaussian 
profile respectively, with the estimated pulse duration at the full-width at half 
maximum (FWHM) point is 0.92 ps. The autocorrelation trace shows that the 
experimentally obtained values augurs well with the theoretical sech2 and 
Gaussian fitting, with no pulse breaking or pulse pair generation [21]. 
 
 
 
Fig. 1.4   Autocorrelation trace of the mode-locked laser output 
 
 
Fig. 1.5 gives the RF spectrum of the mode-locked laser output which is obtained 
at a repetition rate of 13.36 MHz at a resolution of 300 Hz. The measured RF 
spectrum indicates that the mode-locked laser output works in its fundamental 
regime [22], with an estimated peak-to-background ratio being about ~78 dBm as 
shown in Fig. 1.5  
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        Fig. 1.5   RF spectrum at the fundamental repetition rate of 13.36 MHz with 300 Hz 
resolution. 
 
 
In the experiment, the output of the mode locked fiber laser with operating 
wavelength of 1558 nm is connected via high power erbium doped fiber amplifier 
of 332.9 mW. In this amplification system, their energy of mode locked pulses 
fiber laser is enhanced greatly whereas the pulse duration and spectra profile have 
slight variation. After the amplified mode locked pulses fiber laser are propagated 
through the 500 m long FMF, the phenomena of SC is generated which is shown 
in Fig. 1.6. The generation of supercontinuum occurred in the two different modes 
which can be filter by mechanical mode filter [23-26]. Therefore, the launching 
point of LP11 is showed in red color and fundamental mode which is LP01 is 
showed in green color. The SC spectrum wavelength spans from 1569 nm to 1700 
nm with a bandwidth as large as 130 nm with the flatness of less than 8 dB level 
for fundamental mode (LP01). At the LP11 mode, the SC spectrum wavelength 
from 1569 nm to 1700 nm with the flatness around less than 11 dB level. Mainly, 
the SC generation in all normal group velocity dispersion (GVD) is due to self-
phase modulation (SPM) [27]. Based on the calculation, the FMF GVD at 1558 
nm is -27200 fs2/m showed the SC generation occurred in anomalous dispersion 
region. Because of SC generation in that region, a tunable fission soliton source is 
observed [28]. The SC spectrum is imaged to a color CCD camera through the 
mechanical mode filter. This mode filter is adjusted so that the fundamental mode 
is completely blocked by the mode filter. As expected the distinct two-lobe 
intensity profile of the LP11 mode is clearly observed as shown in inset of Fig. 1.6 
confirming the dual mode nature of the fiber. Adjusting the input polarization and 
the launching offset it was possible to obtain both the even and odd modes of the 
LP11 mode.  
 
 
 
 
~78 dBm 
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Fig. 1.6   Supercontinuum spectrum generated in the 500 m few mode fibers. 
 
Fig. 1.7 shows the measured wideband SC spectrum which is launched power 
from 2.9 mW to 332.9 mW in the 500 m FMF. The spectra show a progressive 
broadening of the pump with good symmetry at low pump power. This is 
attributed to SPM. The SC generation is found with low energy power when the 
nonlinearity of fiber is acted. With regard to the second factor, the relationship 
between the input pump wavelength and the dispersion profile of the fiber directly 
governs the properties of the generated SC. It was found that the broadest SC 
spectra are generated when the pump power is injected into the anomalous group 
velocity dispersion (GVD) region. Therefore, in this region, the soliton fission 
dynamics dominates the spectra evolution when propagating occurs [28-30]. Thus, 
a broadly tunable soliton is obtained and the dispersive wave source is associated 
ranging from 1569.05 nm to 1700 nm. 
 
 
 
Fig. 1.7   Supercontinuum spectrum generated in the 500 m few mode fiber with 
the increasing pump power. 
LP01 LP11 
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Fig. 1.8 shows the comparison of the spectrum from the SMF, LP01 and LP11 
mode of FMF with the same mode locked source power. This clearly indicates 
that the spectrum of the supercontiuum generation of FMF resemble to the SMF 
due to the similar specifications. In particular, FMF which can support higher 
optical power than SMF due to their large effective area whilst being less sensitive 
to typical multimode fiber effects, such as modal crosstalk. However, in the FMF, 
the generation of supercontinuum occurred in the two modes region which is 
LP01 and LP11 which is shown in this figure. From this figure, the optical power 
of fundamental mode, LP01 is higher than LP11 due to the launching power in 
that FMF where LP01 is propagated in the core andLP11 is transmitted in the 
cladding of the FMF. 
 
 
Fig. 1.8   Supercontinuum generation with direct FMF compared to SMF 
 
 
 
1.4  CONCLUSION 
 
The octave spanning supercontinuum generation in a few mode fiber is 
demonstrated by compress 0.92 ps pulses from seed laser with a repetition rate of 
13.36 MHz in the carbon nanotube (CNT) mode locked fiber laser. The 
supercontinuum generation using few mode fiber generated two type of mode 
which is LP01 and LP11. In particular, FMF which can support higher optical 
power than SMF due to their large effective area whilst being less sensitive to 
typical multimode fiber effects, such as modal crosstalk 
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CHAPTER 2 
 
 
DUAL-WAVELENGTH MODE-LOCKED FIBER LASER 
UTILIZING SINGLE WALLED CARBON NANOTUBES 
 
Amirah Abd Latiff
 
 
Department of Physics, Faculty of Science, University Putra Malaysia, 
Serdang, Selangor, Malaysia. 
 
 
2.1 INTRODUCTION 
 
The research on Dual Wavelength fiber lasers (DWFLs) have increase much 
consideration because of its wide range of utilization including for terahertz 
generation, optical fiber sensors, Light detection and ranging (LiDAR) for 
mapping purposes, optical spectroscopy, wavelength converters and microwave 
and millimeter wave generation that are valuable for radio-over-fiber (RoF) 
technologies. The DWFLs fundamentally could be segregated into two type of 
active gain media being used in fiber lasers design which are inhomogeneous and 
homogeneous broadening gain media. The inhomogeneous and homogeneous gain 
media is offered commonly by the semiconductor optical enhancers (SOAs) and 
the Erbium Doped Fiber Amplifiers (EDFAs), respectively. 
 
The SOAs in any cases, having some of plus point as contradict to the EDFAs 
regarding the easiness of generating the DWFLs due to the of the control over the 
mode competition issue, which consequently, contribute to the incorporation of 
the gain medium using different cavity design [1-3]. Although the SOA have the 
upper hand in the production of DWFL, the EDFA is still being preferred due of it 
natural fiber-based waveguide that is well-matched to the cavity design, having 
size reduction, independent of polarization dependent loss and lower background 
noise. There are great deal of techniques utilized to unravel the mode-competition 
problem, for example, cooling the EDFA with fluid nitrogen[4,5], using a 
Distributed Fiber Bragg (DFB) fiber laser source [6], by utilizing a polarization 
maintaining Fiber Bragg Gratings (FBGs) [7], using a cavity frequency shifter [8], 
using the Four Wave Mixing (FWM) phenomenon to work as a stabilizer [9], 
using optical Fabry-Perot lasers in the DWFL[10], by utilizing cavity control [11] 
and notwithstanding utilizing double ring fiber laser design[12].  
 
Terahertz, Microwave and millimeter-wave applications in any case, require the 
dual wavelength to be produced around close longitudinal mode to beat these 
signals. This turns into an imperative issue to be solved while utilizing EDFs as 
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the fiber laser gain medium. Some procedures have been established to create the 
dual wavelength fiber laser with the terahertz and microwave beating [13-17]. The 
recurrence produced is differ, from 3.0 GHz to 60.0 GHz. The typical activity of 
double wavelength fiber laser generally needs two FBGs to create double 
wavelength fiber laser. One of a paramount innovation is a method proposed by 
X. Chen et. al. [16] which utilized an ultra-tight transmission band fiber Bragg 
grating (UNTB-FBGs) which is yet very hard to be manufactured. This report is 
proposed as to recommend another method for dual wavelength fiber laser for 
terahertz and microwave generation by using an arrayed waveguide grating 
(AWG) as the wavelength selective element. The propose setup is utilizing carbon 
nanotube material to generate pulse and at the same time stabilize the dual 
wavelength laser output. 
 
 
2.2 EXPERIMENTAL SETUP 
 
Fig. 2.1 shows the proposed setup for the dual-wavelength mode-locked fiber 
laser using SW-CNT as a saturable absorber. The proposed setup employed a 5.3 
m EDF as the gain medium in the tunable dual wavelength fiber laser. The EDF is 
pumped by a 980 nm laser diode pump, which is connected via a 980/1550 nm 
wavelength division multiplexer (WDM). The WDM is then connected to the 
EDF gain medium. The EDF is further connected to an optical isolator which is 
employed as a safety measure before connected to a 1x24 channel arrayed 
waveguide grating (AWG). AWG serves as the selective element and selects the 
desired two wavelengths of the DWFL by selecting two of the 16 AWG channels. 
The two selected wavelengths are then combined using a 3 dB coupler, before 
passing through a 90/10 coupler with 10% of the output going to an optical 
spectrum analyser (OSA) and an optical power meter (OPM) while the remaining 
90% of the connected to another optical isolator before being connected to a 
polarization controller (PC) thereby completing the ring cavity and achieving 
lasing. 
 
Although the EDF is not theoretically polarization dependent, imperfections in the 
cavity might cause polarization dependent effects to occur, and therefore the PC is 
employed to compensate the effect thus provide a stable oscillation inside the 
cavity. The optical deposition method is employed to transfer commercially 
available single walled-Carbon Nanotubes (SW-CNT) on the fiber ferrule using 
an index matching gel. The ferrule is being inserted in the cavity between the 
optical isolator and the AWG, as shown in Fig. 2.1.  The output is measured by 
using the OSA and OPM.  
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Fig. 2.1   Experimental setup of the proposed Dual-Wavelength Mode-Locked 
Fiber Laser. 
(PC: Polarisation controller; AWG: Arrayed Wavelength Grating; OSA: optical 
spectrum analyser; 980 nm LD: 980 nm laser diode, WDM: 980/1550 nm 
wavelength division multiplexer; EDF: Erbium-doped fibre) 
 
 
2.3 RESULT AND DISCUSSION 
 
Fig. 2.2 shows the dual-wavelength spectrum obtained from OSA with 0.02 nm 
resolution. The output powers of the two wavelengths of the SW-CNT assisted 
from the widest channel DWFL (Channel 1 and Channel 16) is roughly equal at -5 
dBm throughout the duration of the experiment, while the narrowest Channel 
DWFL (Channel 8 and Channel 9) exhibit about – 4.5 dBm of output power. 
There are minimal peak amplitude variations of the output power for both DWFL 
configurations, with the widest the narrowest DWFL  the exhibit of about 5.3 dB 
and 3.2 dB of maximum fluctuation, respectively. A normal DWFL does not 
exhibit such behaviour due to mode competition effect from the homogeneous 
broadening of the Erbium emmision. This indicates that the self-stabilising FWM 
effect can be sustained over long periods of time, consistent with previous FWM 
investigations. The proposed configuration was left to operate for an hour and the 
temporal variation of the maximum amplitude of the two wavelengths at different 
pump powers of only about 2.5 dB of fluctation both for the widest and the 
narrowest DWFL. 
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Fig. 2.2   Dual-Wavelength mode-locked fiber laser lasing from Channel 1 and 
Channel 16(indicates by the dash line), until Channel 8 and Channel 9 (indicates 
by the solid line). 
 
Fig. 2.3 shows the DWFL spectrum for 8 pairs of DWFL from the widest DWFL 
comes from Channel 1 and 16, the second widest DWFL comes from Channel 2 
and 15, third widest DWFL form Channel 3 and 14 until the narrowest DWFL 
comes from Channel 8 and Channel 9. The DWFL output shows a great stability 
over the variation of output wavelength with about 3 dB of maximum fluctuations 
obtained from the experiment.  In order to verify the use of SW-CNT towards 
generation of a stable tunable DWFL, the SW-CNT ferrule was purposely 
removed from the cavity. The real-time laser output is then monitored using the 
OSA at the pump power of 200 mW which fail to generate the balance DWFL and 
dominated by the longer wavelength. This due to the homogeneous line 
broadening behavior that the EDF is known to exhibit as mentioned earlier. The 
SW-CNT used in the experiment to provide pulse, as well as giving a balance 
condition to generate the balanced DWFL output. 
 
Optical Fiber Laser Technology: Series 1                                                2018                                                                 ISBN No.: 123456789     
________________________________________________________________________________________                                                           
17 
 
 
Fig. 2.3   Dual-Wavelength mode-locked fiber laser lasing from Channel 1 and 
Channel 16(indicates by the brown line), until Channel 8 and Channel 9 (indicates 
by the red line). 
 
Fig. 2.4 shows the pulse train of the DWFL from the widest DWFL comes from 
Channel 1 and 16 and the narrowest DWFL comes from Channel 8 and Channel 
9.The pump power used is 180 mW, and the average output power of about 5mW 
and 4.3 mW were obtained from DWFL Channel 1 and 16 and Channel 8  and 9, 
respectively, using an optical power meter. The repetition rate of the DWFL 
output was measured by using an oscilloscope. As depicted in Fig. 2.4, the 
repetition rate obtained from the design is 12.7 MHz, which corresponds to 78.7 
ns for one round trip time duration. This value correspond to about 23.6 meter of 
cavity length which is about the same of cavity length measured which is about 24 
meter of total cavity length. 
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Fig. 2.4   Repetition rate of 12.7 MHz comes from DWFL of (a) Channel 1 and 16 
and (b) Channel 8 and 9. 
 
Fig. 2.5 shows the SMSR of the dual-wavelength mode-locked fiber laser for all 
channels starting from channel 1 until 16. The SMSR variance of this dual-
wavelength fiber laser is 5 dB with 65 dB of average value of SMSR. This 
indicates that the Dual-wavelength mode-locked fiber laser is really stable in 
terms of its output spectral performance observed in the frequency domain using 
the OSA. 
(a) 
(b) 
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Fig. 2.5   Repetition rate of 12.7 MHz comes from DWFL of (a) Channel 1 and 16 
and (b) Channel 8 and 9. 
 
Fig. 2.6 shows one of the eight different pairs channel spacings of the dual-
wavelength output power stability performance from Channel 1 and 16. The 
spectra of the DWFL output was taken at intervals of 10 minutes that corresponds 
to laser operation. By looking at the output power fluctuation of this laser source, 
it can be seen that this dual-wavelength fiber laser is stable due to its low output 
power fluctuations which seems to be attractive to work as devices for a variety of 
applications, particularly in the generation of Terahertz sources.  
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Fig. 2.6   Stability performance from DWFL from Channel 1 and 16 
 
 
2.4 CONCLUSION 
 
A stable dual-wavelength mode-locked fiber laser is proposed and demonstrated 
using the single wall carbon nanotubes film attached between fiber ferrules. This 
is useful in generating pulse mode in the cavity of dual-wavelength output. Stable 
two channel operation of more than 60 minutes was obtained by using the AWG. 
The threshold power for the balanced operation the DWFL was experimentally 
found to be 150 mW, after which good temporal stability is achieved. This method 
provides an inexpensive and simple method in overcoming the homogenous 
broadening of emit by the EDF. The average output power obtained from the 
experiment was -4.23 dBm with 0.2 dB of maximum fluctuation, which indicates 
that the output is exceptionally stable for microwaves and Terahertz applications, 
particularly as Terahertz wave sources. 
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. 
3.1 INTRODUCTION 
 
The generation of pulsed laser output can be done in two ways which are Q-
switching and mode-locking technique [1-3]. Mode-locked fiber lasers are 
preferable for the applications that require pulses in the megahertz (MHz) range, 
however Q-switched fiber lasers attract the applications that require slower pulse 
rate but higher output powers [4-8]. Mode locking technique can be done either in 
active or passive ways but the passive method gains so much research interest as 
the technique is more compact and low cost [9]. 
 
To generate mode locked pulses in the passive way, the saturable absorber (SA) 
plays an important role to provide the mechanism within an efficient low cost 
system [10]. In the early days, passive mode locking is typically done by using 
semiconductor saturable absorption mirrors (SESAMs) but they are bulk in size, 
complex and relatively high cost [11]. Passively mode-locked fiber laser is known 
to be the most efficient technique in achieving high pulse energy. Thus, optical 
fibers are the excellent components that consist in fiber laser which are most 
stable, compact, low-loss, practical laser and have unlimited bandwidth.  
 
 
3.2 METHODOLOGY 
 
In this study, Optisystem is used throughout to simulate the system.  Optisystem is 
the optical communication system design software that enables users to plan, test, 
and simulates optical links in the transmission layer of modern optical networks. 
This software can create a model of an optical system, execute the model and 
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view measures of the system’s performance. The system demonstrates a fiber 
laser, based on passive mode locking using a saturable absorber, capable of 
producing ultrashort pulses. The system layout presented in the Fig. 3.1 is a 
unidirectional ring cavity composed of an optical fiber amplifier, an undoped fiber 
and a DC component that can be varied to change the net cavity dispersion. The 
saturable absorber is used to achieve mode locking and generate the optical pulse.  
 
 
 
Fig. 3.1   Simulation model of mode-locked fiber laser 
 
The simulation model shown in Fig. 3.1 consists of transmission media, 
transmitter and receiver. Table 3.1 shows the parameters used in order to simulate 
the system. The white light source supplies optical signal with 1550 nm 
wavelength with pump power of 69.5 mW. Pump power represented by white 
light source provides the noise that initialize the pulse generation. A polarization 
filter is used to polarize light along the y-axis. Light enters the initializer which is 
circulated in a loop. An optical fiber amplifier in this model acts as an Erbium 
doped fiber (EDF) where gain peak wavelength at 1550 nm. SMF affective area is 
80 µm and length optical fiber 0.012 km is fixed in this simulation. SMF is used 
as it yields higher data rate and less dispersion. Optical fiber amplifier acts as 
EDFA with gain amount of 23 dB/m EDFA is independent wavelength and 
ignorable noise. By achieving an ultrashort pulse at stable state, a saturable 
absorber (SA) is used. In SA, it has saturable and unsaturable absorption of 46.5% 
and 53.5% respectively with saturation power 150 W. The end of saturable 
absorber is connected to a 70:30 coupler. Coupler ratio 70:30 where 30% port is 
connected to output for measurement. Another 70% of the light is retained inside 
the laser cavity and the balance 70% coupler is connected with convergence 
mirror. It is easy way for running the simulation while a convergence monitor is 
used. A convergence monitor can control many multiple iterations when simulate 
model then it will stop when it reaches stable condition. 
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The simulation setup was repeated by replacing the DC length. The simulated 
setup is as shown in Fig. 3.1. The set of DC length used is 0.001 km, 0.01 km, 0.1 
km and 1.0 km long, with increasing of input power the mode-locked fiber laser 
will occur at stable condition of pulse.  
 
 
Table 3.1   Fiber parameters 
 
Parameter  
Dispersion (ps/nm/km) 16.75 
Diispersion slope (ps/nm^2/km) 0.075 
Length of fiber (km) 0.012 
Optical fiber amplifier (m) 5 
 
 
3.3 RESULTS AND DISCUSSIONS 
 
Numerical simulation shows that white light source supplies optical laser signal at 
pump power 41.4 mW with unstable pulse. Therefore, the varying input power 
such as 46.5 mW, 63.5 mW and 69.5 mW was used. The network keep simulating 
at input power of 46.8 mW and 69.5mW, where the ultrashort pulse is stable and 
give the peak power 26.08 dBm at operating wavelength 1550 nm as shown in 
Fig. 3.2. From the graph, when the input power increased, the bandwidth of the 
spectrum becomes narrower compared the others.  
 
 
Fig. 3.2   Optical spectrum analyzer of mode-locked fiber laser with difference 
input power 
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From Fig. 3.3, it observed that by increasing input power the stable pulse trace of 
mode-locked fiber laser can be achieved when the pulse at narrower bandwidth 
give a stable single pulse. Oscilloscope measure the laser output in time domain at 
pump power 46.8 mW and 69.5 mW with each pulse width of 3 ps.  
 
 
Fig. 3.3   The pulse trace on oscilloscope with difference input power 
 
Fig. 3.4 shows the OSA spectrum for stable passively mode-locked fiber laser at 
DC length 0.001km. It is found that ultrashort pulse can be generated at 203 
roundtrips using convergence monitor in simulation. It is hard to get stable 
ultrashort pulse without a DC. This can be prove when DC length keep 
decreasing, the pulse trace in Fig. 3.5 also effect the pulses either spread or 
broaden. Sometimes, the pulse having a distortion when DC length keep 
increasing. It is found that DC length plays an important role in the formation of 
the passive mode-locked fiber laser to get pulse around femtosecond to 
picosecond. 
 
When simulator network simulates the DC length longger than 0.01 km, the result 
of pulse trace cannot generate the stable mode-locking fiber laser pulse. It is 
because the broaden bandwidth of the spectrum in Fig. 3.4, disturbed the 
formation of pulse at 0.01 km, 0.1 km and 1km where does not shows the stable 
pulse trace. While it shows a distortion at this 3 length in Fig. 3.5. Thus, the 
suitable 0.001 km DC length are used to generate a stable pulse trace of mode-
locked fiber laser model. 
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Fig. 3.4   Optical spectrum analyzer of mode-locked with varying DC length 
 
 
Fig. 5   The pulse trace on oscilloscope with varying DC length 
 
 
3.4  CONCLUSIONS 
 
In conclusion, we demonstrated the effect of the DC length in passively mode-
locked fiber laser. Numerical simulation show that we get 0.001 km DC length 
with pump power 69.5 mW obtained a stable pulse of 3 ps. Thus, we can conclude 
this theoretical analysis of this dispersion parameter plays important role in order 
to get an ultrashort pulse fiber laser. 
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4.1 INTRODUCTION 
 
Mode-locking is the technique enabling pulse laser with very short pulse duration 
[1], typically ranging from tens of picosecond to sub-10 femtoseconds [2]. Unlike 
Q-switching, the pulse in mode locking is generated from the interference of 
multiple modes in the cavity, which causes a fixed phase relationship of the cavity 
modes. The mode locked laser generation also relies on many aspects, such as 
dispersion and nonlinearity of the cavity, which must be well and carefully 
balanced to acquire a stable operation [3]. Recently, compact ultrafast fiber lasers 
have become the focus of substantial research efforts due to their significant 
applications [4-7]. Ultrafast fibers are usually enabled by active modulation 
techniques. While these systems are able to generate the desired ultrafast pulses 
with advantages such as low timing jitters and high repetition rates, they are 
typically complex and costly and thus not particularly suited for deployment in 
compact systems or high-density networks. Furthermore, this technique has a 
higher risk of instability due to external perturbations and large supermode noises 
[3]. 
 
On the other hand, passive modulation techniques such as the use of 
semiconductor saturable absorber mirrors (SESAMs) [8-10] or non-polarization 
rotation [11] reduce these issues. However, these approaches can be difficult to 
implement, requiring fine adjustments to the cavity design, or incurring varying 
degrees of cost and complexity, thereby limiting their usage as well as rendering 
the development of a compact ultrafast fiber laser unfeasible. An interesting way 
in realizing the passively mode-locked fiber laser is by incorporating a broadband 
saturable absorber (SA) within the laser cavity, such that tunability can be 
provided over a wide wavelength range. In this regard, passively mode-locked 
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fiber lasers based on graphene SA are seen as a viable alternative towards the 
former systems, with high potential for practical, real-world applications [12-17]. 
Used as a saturable absorber (SA), graphene can generate the desired mode-locked 
pulses without complexity and costs. With its advantage over SESAMs in terms of 
the cost, tuning range and ease of fabrication, graphene has been widely accepted 
to replace the usage of SESAM. Another carbon allotrope known as carbon 
nanotubes (CNT) has also been well demonstrated as the SA for mode-locking 
[18-21]. However, the operational wavelength range of CNT is quite limited due 
to the absence of the gapless behavior of the atomic layer as possessed by 
graphene [7]. Furthermore, graphene-based SAs possess impressive optical 
characteristics such as ultrafast recovery times and a very wide operational 
wavelength range, due to the gapless behavior of the graphene atomic layer [12], 
giving them a significant advantage over other techniques used for passive 
modulation in fiber lasers.  
 
In this work, we reported a passively mode-locked erbium-doped fiber laser 
(EDFL) enabled by graphene as saturable absorber (SA). The graphene SA is in 
the form of graphene-PVA thin film which is sandwiched in between two fiber 
ferrules via a fiber adaptor. At the pump power of 60 mW, the proposed system is 
able to generate soliton mode-locking operation with a 3 dB spectral bandwidth of 
about 11.6 nm at a central wavelength of 1558 nm. The repetition rate of the 
mode-locked pulse is about 22.47 MHz. Measurement of the average output 
power and pulse energy of the pulse yields values of approximately 1.4 mW and 
62.2 pJ respectively. By incorporating a tunable bandpass filter (TBF) within the 
cavity, the mode locked output spectrum can be continuously tuned from 1507.5 
nm to 1571.3 nm, corresponding to a wavelength range of 63.8 nm. The repetition 
rate, average output power and pulse energy of the mode-locked pulses are 
measured to be 12.9 MHz, ~0.75 mW and ~58 pJ respectively after the insertion 
of the TBF. The pulse width is observed to vary between 3.9 ps and 6.6 ps at 
different wavelengths within the tuning range. This gives a distribution of time–
bandwidth product (TBP) of between 0.34 and 0.46. 
 
 
4.2 EXPERIMENTAL SETUP 
 
The schematic diagram of graphene mode-locked erbium doped fiber laser is 
shown in Fig. 4.1. The setup consists of a 3 m EDF (MetroGain-12) as the gain 
medium, pumped by a 980 nm laser diode (LD) through a 980 nm port of a fused 
980/1550 nm wavelength division multiplexer (WDM). The absorption 
coefficients of the EDF are between 11 to 13 dBm-1 at 980 nm and about 18 
dBm-1 at 1550 nm with an erbium ion concentration of about 960 ppm. The EDF 
is connected to the input of an optical isolator to ensure a unidirectional oscillation 
in the clockwise direction within the ring cavity. The output of the optical isolator 
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is then connected to a 90:10 Coupler for tapping out a 10% portion of the signal 
oscillating in the cavity for further analysis. The remaining signal propagates 
through the 90% port of the coupler where it will then interact with graphene-
based saturable absorber (SA). The graphene used in this work is in the form of a 
graphene-PVA polymer composite thin film which is sandwiched between two 
FC/PC connectors to create the graphene-based SA. After passing through the 
graphene-based SA, the signal then propagates through an additional 6 m long 
single mode fiber (SMF) before it is being channeled back to the 1550 nm port of 
the WDM, thereby completing the ring cavity. The total cavity length is about 
10.4 m, with a total SMF length of approximately 7.4 m, taking into account the 
remaining SMF lengths in the cavity apart from the additional 6 m long SMF. The 
dispersion parameter D of the EDF is approximately -61.9 ps/nm.km, giving a 
group velocity dispersion (GVD) coefficient of around +32 ps2/km. On the other 
hand, the dispersion coefficient of the SMF-28 is about +17 ps/nm.km, giving a 
GVD coefficient of -22.02 ps2/km. The total GVD for the entire cavity is -0.07 
ps2, thereby putting the operation of the laser in the anomalous dispersion regime 
and allowing the laser to operate in a soliton mode-locking regime. A Yokogawa 
AQ6317 optical spectrum analyzer (OSA) with a resolution of 0.02 nm is used to 
measure the output spectrum of the generated mode-locked laser, while the mode-
locked time characteristics are measured using an Alnair HAC-200 autocorrelator. 
A LeCroy 352A oscilloscope, together with an Agilent 83440C lightwave detector 
for optical to electrical conversion, is used to analyze the mode locked pulse train 
properties. The radio frequency spectrum of the mode locked pulses is also 
observed by using an Anritsu MS2683A radio frequency spectrum analyzer 
(RFSA). For the additional measurement of the mode-locked time characteristics, 
an Alnair HAC-200 auto-correlator is used. To investigate the tunability of the 
proposed system, the experiment is repeated by inserting a tunable bandpass filter 
(TBF) in the laser cavity in between the additional 6 m SMF and the 1550 port of 
the WDM.  
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Fig. 4.1   Experimental setup for the mode-locked erbium doped fiber laser 
 
 
4.3 RESULTS AND DISCUSSION 
 
Soliton mode-locking operation is self-started at a threshold pump power of 60 
mW. This mode locking threshold value outperforms several other reported 
threshold achieved by graphene-based mode locked EDFL such as reported in 
[22,23]. All subsequent measurements in this experiment are taken at the pump 
power of 60 mW. Fig. 4.2 shows the optical spectrum of the mode-locked pulses 
with a 3 dB spectral bandwidth of about 11.6 nm at a central wavelength at 1558 
nm. Multiple Kelly’s sidebands are observed due to the periodical perturbation of 
the intracavity [24], indicating the system is operating in the anomalous dispersion 
regime. A total dispersion of anomalous cavity will result in the formation of 
soliton mode-locked pulse and will produce much shorter pulse duration 
compared to the time constant of absorption recovery after a saturating pulse, 
known as the saturable absorber’s recovery time [25].  
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Fig. 4.2   Output spectrum of the mode-locked laser 
 
Fig. 4.3 shows the output pulse train from the EDF mode-locked laser measured 
by the oscilloscope. The output pulse train has a time interval of 44.5 ns between 
the pulses, corresponding to a pulse repetition rate of 22.47 MHz, which augurs 
well with the computed repetition rate for a cavity length of 10.4 m. This indicates 
that the output pulse operates in its fundamental frequency regime. Measurement 
of the average output power and pulse energy of the pulse yields values of 
approximately 1.4 mW and 62.2 pJ respectively.  
 
 
 
Fig. 4.3   Output pulse train of the graphene mode-locked EDFL 
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The mode-locked output intensity is also measured in frequency domain using a 
radio frequency spectrum analyzer (RFSA) to characterize the operating stability 
of the mode locked pulses. Fig. 4.4 (a) shows the RF spectrum obtained from the 
RFSA with a span of 200 MHz, taken at resolution bandwidth of 300 kHz. Based 
on then figure, there is no Q-switching instabilities in the mode locked pulses. 
This is deduced from the evenly spaced frequency interval in the RF spectrum 
which is free from spectral modulation [26]. The RF spectrum provides a 
frequency interval reading of approximately 22.4 MHz, auguring well with the 
measurements of pulse repetition rate value as obtained from the oscilloscope. 
Fig. 4.4 (b) shows the RF spectrum of the fundamental frequency at 22.47 MHz, 
taken at 550 kHz frequency span and 300 Hz resolution. The estimated peak-to-
background ratio is ~56 dB. This implies low amplitude noise fluctuations, good 
mode-locking stability as well as low timing jitter [27,28]. 
 
(a) 
 
(b) 
Fig. 4.4   (a) RF spectrum of the mode-locked pulses at 200 MHz span (b) RF 
spectrum of the fundamental frequency at 550 kHz span and 300 Hz resolution. 
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With the filter in the cavity, the threshold power for mode locking operation is 
~63 mW, which is about 3 mW higher than that without using the filter. The mode 
locked output spectrum with the incorporation of the TBF at the central 
wavelength of 1547.5 nm is shown in Fig. 4.5. The 3 dB spectral width is 
measured to be 0.8 nm and limited by the bandwidth of the TBF. The spectrum 
also no longer exhibits Kelly sideband structure as a result of the spectral limiting 
effect of the filter [29,30]. The approximately 48 dB signal-to-noise ratio of the 
output spectrum on the other hand appears to be higher than that without using the 
TBF. 
 
 
 
Fig. 4.5   Output spectrum of the mode-locked laser with the incorporation of TBF 
at 1547.5 nm 
 
 
As the TBF functions to provide the tuning mechanism, the wavelength of the 
mode locked spectrum can be continuously tuned from 1507.5 nm to 1571.3 nm, 
corresponding to a wide wavelength range of 63.8 nm, by tuning the micrometer 
screw of the TBF. One advantage of using TBF as the wavelength selective 
element is that it is independent of environmental and temperature changes, 
thereby having more reliability for yielding stable mode locking in comparison to 
using the fiber birefringence tuning approach. The output spectra of the tunable 
graphene mode locked EDFL at 14 tuned wavelengths within the tuning range are 
illustrated in Fig. 4.6, taken at the wavelength interval of 5 nm.  
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Fig. 4.6   Output spectra of the tunable graphene mode-locked EDFL at 14 tuned 
wavelength  
 
Fig. 4.7 shows the corresponding autocorrelation traces of the different 
wavelength spectra given in Fig. 4.6. The autocorrelation traces are fitted by a 
sech2 pulse shape, which gives a distribution of pulse durations at the full width at 
half maximum (FWHM) of between 3.9 ps to 6.6 ps at different wavelengths 
within the tuning range. The measured average output power at 1547.5 nm is 
about 0.75 mW, having a small variation across the tuning range. The 
corresponding pulse energy is estimated to be about 58 pJ. In agreement with the 
new total cavity length after the insertion of the TBF, the measured repetition rate 
now gives a reading of 12.9 MHz, which decreases by about 9.5 MHz from the 
case without incorporating the TBF.  
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Fig. 4.7   Autocorrelation traces corresponding to different wavelength spectra in 
Figure 6 
 
 
Fig. 4.8 shows the comparison of the 3 dB bandwidth and pulse width of the 14 
different output wavelengths within the tuning range. Across the entire tuning 
range, the 3 dB bandwidth of the spectra and the pulse width are observed to 
fluctuate from 0.5 to 0.8 nm and from 3.86 ps to 6.57 ps respectively. This 
variation possibly relates to the wavelength dependent loss of the TBF. The 
largest 3 dB bandwidth is obtained at 1547.5 nm, corresponding to the shortest 
pulse width obtained. On the other hand, the smallest 3 dB bandwidth is observed 
at 1512.5 nm, corresponding to the longest measured pulse width, as expected. 
The calculated time-bandwidth product (TBP) values at each different wavelength 
is found to vary in a random manner from the highest value of 0.46 at 1507.5 nm 
to the lowest value of 0.34 at 1567.5 nm, with a minor deviation from the value of 
0.315 expected for transform-limited sech2 pulses, indicating the presence of 
minor chirping in the pulse.  
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Fig. 4.8   dB bandwidth and pulse width against wavelength within the tuning 
range 
 
 
4.4 CONCLUSION 
 
A passively mode-locked erbium-doped fiber laser (EDFL) enabled by graphene 
as saturable absorber (SA) is proposed and demonstrated. The graphene SA is in 
the form of graphene-PVA thin film which is sandwiched in between two fiber 
ferrules via a fiber adaptor. At the pump power of 60 mW, the proposed system is 
able to generate soliton mode-locking operation with a 3 dB spectral bandwidth of 
about 11.6 nm at a central wavelength of 1558 nm. The repetition rate of the 
mode-locked pulse is about 22.47 MHz. Measurement of the average output 
power and pulse energy of the pulse yields values of approximately 1.4 mW and 
62.2 pJ respectively. By incorporating a tunable bandpass filter (TBF) within the 
cavity, the mode locked output spectrum can be continuously tuned from 1507.5 
nm to 1571.3 nm, corresponding to a wavelength range of 63.8 nm. The repetition 
rate, average output power and pulse energy of the mode-locked pulses are 
measured to be 12.9 MHz, ~0.75 mW and ~58 pJ respectively after the insertion 
of the TBF. The pulse width is observed to vary between 3.9 ps and 6.6 ps at 
different wavelengths within the tuning range. This gives a distribution of time–
bandwidth product (TBP) of between 0.34 and 0.46. As a summary, this proposed 
system has exploited graphene as a broadband or wavelength independent 
saturable absorber to produce a wideband tunable mode locked EDFL. 
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5.1 INTRODUCTION 
 
The introduction of fiber sensor into the sensor industry has provided a new 
means of counteracting the disadvantages of previously introduced electrical 
sensor. A fiber sensor is a light weight, compact, invulnerable to short circuit 
caused by humidity. Further, the performance of these type of sensor will not be 
affected by external electromagnetic interference [1]. Its application expands over 
many fields, such as the determination of refractive index of material [2], 
temperature sensing application [3], characterization of biological tissue [4] and 
displacement sensor application [5-6].  
 
The main aim of the research is towards designing a fibre displacement sensor. 
There are several techniques that produces fiber displacement sensor of desired 
quality which can be categorised mainly into two categories, namely intensity-
based and spectral based [7-8]. The advantages of an intensity-based displacement 
fiber sensor are high accuracy and sensitivity and simple to setup which translates 
to a lower cost of usage. Unfortunately, the main setback of this type of sensor is 
the fluctuation in the light source intensity towards the prolonged usage of the 
sensor [9]. Spectral based fiber sensor usually involves the principle of 
interference between two coherent beam of lights which is called interferometry 
[10] or the selectively transmission of light of certain wavelength which usually 
makes use of certain kind of grating usually Fiber Bragg Grating (FBG) [11]. The 
advantage of using such spectral-based sensor is that it has high sensitivity in the 
range of nm shift in wavelength per mm in displacement or in some cases may be 
able to measure micro-meter displacement with some manipulations of the fiber 
[12].  
 
The fiber displacement sensor designed is aimed to detect soil movement with 
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precise accuracy as a preventive measure to detect landslide. In this research, we 
report that it can reduce the preventive or restoration process or the damage done 
by landslide and reduced to minimum by early warning and evacuation of 
resident. 
 
FBG most fundamentally is the periodic perturbation of refractive index within 
the core of a photosensitive fiber. The periodic structure of the FBG acts as a stop-
band filter similar to the selected reflection of wavelength of crystal structure. It is 
most convenient to model the spectral response of FBG with the help of coupled-
mode theory [13]. Periodic refractive index variations along the length of a fiber 
with a period Λ are generally expressed as: 
 
          (5.1) 
 
where ∆n(z) is varying refracting index modulation, 𝜃(z) is local phase of index 
modulation, n0 is refractive index of the core and Ʌ is period of FBG. The period 
of the FBG Λ𝐹𝐵𝐺 fabricated is related to the period of the relief structure on the 
phase mask Λ𝑚𝑎𝑠𝑘 by: 
 
                                                 (5.2) 
 
Since the parameter (𝑧) is used to define phase shift and grating chirp along the 
grating which would not be discussed within this study, it is nulled and Equation 
5.1 becomes: 
 
                                   (5.3) 
 
The forward propagating mode 𝑣1 and the backward propagating mode  can be 
represented in coupled-mode equations such as: 
 
 
 
                                                       (5.4) 
 
where the amplitude,  and  is related to the forward and backward 
propagating electric field, 𝐴(𝑧) and 𝐵(𝑧) respectively: 
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                                (𝒛) = 𝑣₁       
 
                                (𝒛) = 𝑣₂         (5.5) 
 
(𝑧) represents the coupling coefficient given by: 
 
                              (𝑧) = Λn(z)                   (5.6) 
 
𝛿 represent the detuning from the Bragg wavelength 𝜆𝐵, which is: 
 
                                 𝛿 = 𝑛₀  -             (5.7) 
 
The spectral response of a FBG where Δ𝑛 is varying along the grating can be 
calculated by solving the differential coupled mode Equation 5.4. For a uniform 
grating, the reflection coefficient 𝜌 and the reflectivity R at the start of the grating 
(z = 0) is: 
 
         (𝛿) =        (5.8) 
 
 
(𝛿) =         (5.9) 
 
where 𝛾2 = 𝑞2 − 𝛿2. From Equation 5.9 it can be shown that if the resonance 
condition is met (𝛿 = 0), maximum reflectivity 𝑅𝑚𝑎𝑥 will be achieved: 
 
          (5.10) 
 
 
5.2 EXPERIMENTAL SETUP 
 
The sensor system is illustrated in the schematic diagram provided in Fig. 5.1. The 
input wavelengths were provided by a broadband laser source. The broadband 
source were transmitted to an optical circulator and coupled into the sensor probe. 
Wavelength reflected off the sensor probe then was coupled into the OSA, the 
reflected wavelength was recorded and send to the computer to produce bending 
profile for the thin metal strip according to the reflected wavelength. 
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Fig. 5.1   Schematic diagram of sensor system 
 
The FBG fiber sensor designed for the monitoring of soil movement along a slope 
need to have distributed strain and temperature sensing capabilities. This can be 
achieved by several FBG of different sensing principle along a single length of 
metal strip as shown in Fig. 5.2. As shown in Fig. 5.2, FBG1 and FBG2 is used 
for strain sensing where the wavelength is 1510 nm and 1550 nm, respectively. 
FBG1 and FBG2 is fusion spliced into a single fiber and bonded to the surface of 
the metal strip at a distance 35 cm away from both ends. 4 miniatures G-clamp is 
used to affix the strain sensing FBGs onto the metal strip surface, by using special 
made buffer layer damage to the fiber is mitigated during the clamping process. 
The thin metal strip is flexible towards bending which would bend if a force is 
exerted sideways and it serve as s support structure for the FBG array locking 
them in place and extend or compress them with the bending of the metal strip. 
 
 
 
Fig. 5.2   Schematic diagram of strain FBG distribution on sensor probe 
 
Fig. 5.3 shows the schematic diagram of temperature FBG distribution on sensor 
probe. The application of the sensor probe is done in a controlled simulation 
environment; the number of temperature sensing FBG used is reduced to one as 
shown in Fig. 2 under the assumption that the temperature fluctuation within the 
simulation environment is minimal and negligible. 
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Fig. 5.3   Schematic diagram of temperature FBG distribution on sensor probe 
 
Fig. 5.4 shows the schematic of simulation stage which length of 1 m where the 
width of the simulation stage is irrelevant around 0.15 m. It will feature two bars 
at 0.05 m away from the edge to be used as base for clamping down both ends of 
sensor probe. The two protractions placed at about 0.35 m away from the edge 
which served as a simulated displacement for soil slip, this protraction comes in 3 
sets which are 0.03 m, 0.06 m and 0.09 m which will strain the sensor probe 
increasingly. 
 
 
Fig. 5.4   Schematic diagram of simulation stage. 
  
Fig. 5.5 and 5.6 show the method of bonding the strain and temperature sensing 
FBG to the metal strip. Fig. 5.7 shows the clamping of the sensor probe onto the 
simulation stage using G-clamps at both side and the bending of the metal strip 
caused by the protractions at the middle of the simulation stage. The application of 
the sensor probe consists of 3 stages where the protraction on the simulation stage 
is raised at one step from the previous stage by 3 cm starting at 3 cm. By using 
this method, the sensor probe can be strained step by step up to 3 stages, the 
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Bragg’s wavelength of each FBGs for each stage is recorded and the strain 
experienced by strain sensing FBGs are used to compute the flexural displacement 
of the metal strip which will imitate that displacement of a soil slip. 
 
 
Fig. 5.5   Clamping of Strain Sensing FBG onto metal strip 
 
 
Fig. 5.6   Taping of Temperature sensing FBG to metal strip 
 
 
 
Fig. 5.7   Sensor probe application using simulation stage 
 
 
5.3 RESULT AND DISCUSSION 
 
Two FBGs of center wavelength 1510 nm and 1560 nm are dedicated to strain 
sensing while 1 FBG of center wavelength 1560 nm is dedicated to temperature 
sensing. Fig. 5.8 shows the reflection profile of 1510 nm FBG during the 3 stages 
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of sensor probe application. The stage 0 reflection profile of 1510 nm FBG shows 
the reflection wavelength of FBG at 1510.72 nm during neutral condition where 
no bending is introduced onto the sensor probe. For stage 1 to 3, the sensor probe 
is bent with lateral displacement of roughly 6 cm, 9 cm and 12 cm respectively 
with a reflected wavelength of 1511.68 nm, 1511.96 nm and 1512.36 nm. 
 
 
Fig. 5.8   Sensor probe application profile of 1510 FBG 
 
Fig. 5.9 shows the reflection profile of 1550 nm FBG during the 3 stages of sensor 
probe application. The stage 0 reflection profile of 1550 nm FBG shows the 
reflection wavelength of FBG at 1550.24 nm. For stage 1 to 3, the sensor probe is 
bent with lateral displacement of roughly 6 cm, 9 cm and 12 cm respectively with 
a reflected wavelength of 1551.28 nm, 1551.56 nm and 1551.92 nm. 
 
 
Fig. 5.9   Sensor probe application profile of 1550 FBG. 
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Fig. 5.10 shows the reflection profile of 1560 nm FBG during the 3 stages of 
sensor probe application. The stage 0 reflection profile of 1550 nm FBG shows 
the reflection wavelength of FBG at 1560.04 nm. For stage 1 to 3, the sensor 
probe is bent with lateral displacement of roughly 6 cm, 9 cm and 12 cm 
respectively with a reflected wavelength of 1560.04 nm throughout all the stages 
and the reflected wavelength of 1560 nm FBG does not change. 
 
 
Fig. 5.10   Sensor probe application profile of 1560 FBG 
 
Table 5.1   Table of 1560 FBG sensor probe temperature reading 
 
 
Table 5.1 shows the temperature analysis value computed using the probe 
application profile of 1560 nm FBG. According to the reading of reflected 
wavelength obtained, the Bragg’s Wavelength of 1560 nm FBG stayed constant at 
1560.04 nm throughout. The temperature analysis thus yields 26.05˚C or 299.05 K 
during stage 0 to stage 3. This consistency in temperature is expected since the 
experiment is carried out within a room with air conditioner which stabilizes the 
room temperature and prevents major temperature fluctuations which would affect 
the Bragg’s Wavelength of the FBG. 
 
 
 
Optical Fiber Laser Technology: Series 1                                                2018                                                                 ISBN No.: 123456789     
________________________________________________________________________________________                                                           
49 
 
Table 5.2   Table of 1510 nm FBG sensor probe strain reading 
 
 
Table 5.2 shows the analysis of strain value computed using the probe 
measurements of 1510 nm FBG. According to the reading of reflected wavelength 
obtained, the Bragg’s wavelength of 1510 nm FBG is 1510.72 nm, 1511.68 nm, 
1511.96 nm and 1512.36 nm respectively for stage 0 to stage 3. The strain 
analysis thus yields value of 0.35, 1.38, 1.68 and 2.11 respectively for stage 0 to 
stage 3. Since the probe is under neutral condition during stage 0, the FBG should 
experience no strain contributing from the bending of the sensor probe. The offset 
strain value therefore will represent the strain experienced by the sensor probe. 
The offset strain value is 0.00, 1.03, 1.33 and 1.76 respectively for stage 0 to stage 
3. 
 
Table 5.3   Table of 1550 FBG sensor probe strain reading 
 
 
Table 5.3 shows the analysis of strain value computed using the probe 
measurements of 1550 nm. According to the reading of reflected wavelength 
obtained, the Bragg’s Wavelength of 1550 nm FBG is 1550.20 nm, 1551.28 nm, 
1551.56 nm and 1551.92 nm respectively for stage 0 to stage 3. The strain 
analysis thus yields value of 0.22, 1.22, 1.47 and 1.80 respectively for stage 0 to 
stage 3. The offset strain value therefore will represent the strain experienced by 
the sensor probe. The offset strain value is 0.00, 1.00, 1.25 and 1.58 respectively 
for stage 0 to stage 3. 
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Table 5.4   Table of lateral displacement analysis 
 
 
Table 5.4 shows the lateral displacement analysis of sensor probe from stage 0 to 
stage 3. The computed lateral displacement value and measured lateral 
displacement value of stage 1 is 8.96 cm and 7.30 cm respectively with percentage 
error of 22.74 %. The computed lateral displacement value and measured lateral 
displacement value of stage 2 is 11.67 cm and 10.42 cm respectively with 
percentage error of 12.00 %. The computed lateral displacement value and 
measured lateral displacement value of stage 3 is 15.56 cm and 13.91 cm 
respectively with percentage error of 11.86 %. 
 
 
5.4 CONCLUSION 
 
In summary, we have introduced and demonstrated the landslide monitoring fiber 
sensor using fabricated and tested for its performance by using FBGs. The sensor 
probe design consists of three different centre wavelength FBG multiplexed 
together to provide distributed strain and temperature sensing. The experimental 
results show that the sensor probe possesses displacement sensitivity of 1.11 × 
10−3𝑚 with percentage error ranging between 25% and 12%. Fiber sensing is a 
viable replacement for electronic based sensor in environmental application since 
fiber sensor system is more compact, immune to electromagnetic interference and 
possesses high resistance towards nature element such as dampness and sand 
particles 
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6.1 INTRODUCTION 
 
In general, the optical devices are predominantly used to guide waves. The 
complex refractive index, n (= n′ - jn″) of the used material in the optical devices 
has played an important role in determining the guide wave efficiency and design 
guide of the devices. On the other hand, the rapid development of microwave 
synthetic materials causes the study of material characterization to become 
increasingly important today, such as graphene, metamaterials, and carbon 
nanotube. The interaction between material and microwave can be described by 
the relative complex permittivity, εr (= εr′ - jεr″). For macroscopic material 
characteristic investigations, relative permittivity εr, relative complex 
permeability μr (=μr′ - jμr″) and conductivity σ are normally determined. 
However, many microwave measurements only focus on the properties of εr 
rather than the μr and the σ due to μr and σ have only the effect of changing at very 
low frequency. Besides, within the past 40 years, there were some materials used 
for Terahertz applications in which the operating frequency of 300 GHz to 3 THz 
occupies a middle ground between microwaves and infrared light waves. In fact, 
both optical and microwave material characterization use the equivalent principle 
and the relationship between n and εr is given as n2 = εr. Differentiations between 
microwave and optical (infrared) methods are the application of operating 
frequency (Microwave: 300 MHz to 300 GHz; Infrared: 300 GHz to 430 THz) 
and excited source (in Fig. 6.1).  
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Fig. 6.1   Electromagnetic spectrum. 
 
 
The microwave method is particularly suitable for moisture measurements due to 
the natural tendency of water to absorb microwave energy and provide a 
significant response when the moisture content changes (You, 2017). Typically, 
before the values of n or εr is predicted, the raw information required are the 
reflection coefficient, S11 (or input impedance) and the transmission coefficient, 
S21 for the material under test in which the measurements are performed using 
waveguides. Most of these materials are used in electrical/electronic (EE) and 
telecommunication engineering applications, such as electronic components, high 
frequency passive circuits, printed circuit board (PCB) substrates, high quality 
components/cable shielding, high speed cable, emerging sensory devices, EMI 
absorbers, energy harvesting, thin-layer conductive coating, and nano/dielectric 
antennas. In this chapter, optical and microwave materials characterization using 
waveguide techniques is presented. Material characterization techniques can be 
categorized into either resonant technique (based on shifting resonant frequency 
or wavelength) or non-resonant technique (based on S-parameters or impedance, 
Z measurements). Typically, the S-parameters (interpreted in term of impedance) 
of the material under test is initially measured using an impedance analyzer or 
LCR meter (below GHz) (in Fig. 6.2), vector network analyzer (up to GHz) (in 
Fig. 6.3), and optical spectrum analyzer (up to TeraHz) (in Fig. 6.4). Based on the 
raw measurements, the values of n or εr of the material can be predicted. 
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(a) 
 
 
 
(b) 
 
Fig. 6.2   (a) Agilent 4294A Precision impedance analyzer (40 Hz to 110 MHz). 
(b) Keysight (Formerly Agilent Technologies Inc) E4991B Impedance analyzer (1 
MHz to 3 GHz) with terminal adapter. 
 
 
 
(a) 
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(b) 
Fig. 6.3   (a) Keysight E5071C network analyzer (300 kHz to 20 GHz). (b) Rohde 
& Schwarz ZNB 8 vector network analyzer (9 kHz to 8.5 GHz). 
 
 
 
Fig. 6.4   Anritsu MS9710B  Optical spectrum analyzer (0.6 μm to 1.75 μm). 
 
 
6.2 LOW-FREQUENCY MEASURING METHOD 
 
For low frequencies measurements, a parallel-plate capacitor method is used for 
dielectric material characterization. At very low frequencies, the measured 
capacitance, C is directly proportional to the dielectric properties of the material 
or sample. Thus, the εr of the sample under test (SUT) can be interpreted as (You 
et al., 2015):  
 
                                                     SUT SUTr
Empty Empty
Z C
Z C
                                        (6.1)  
 
where the CEmpty and CSUT are the empty-filled and the material-filled measured 
capacitance, respectively. By using Equation 6.1, the thickness of empty space 
between two parallel plate capacitor must be same with SUT thickness during 
measurements. Several commercial measurement fixtures are shown in Fig. 6.5. 
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On the other hand, a shorted transmission line is used as an induction cavity for 
magnetic material characterization. At very low frequencies, the μr of the sample 
under test (SUT) can be calculated as:  
 
                                                 SUT SUTr
Empty Empty
Z L
Z L
                                            (6.2)  
 
where the LEmpty and LSUT are the empty-filled and the material-filled measured 
inductance, respectively. However, by using Equation 6.2, the magnetic sample is 
required to fully fill in the induction cavity during measurements. For 
measurements in Fig. 6.5 (a) and (b), the sample must be solid and carefully 
machined in toroid-shaped with parallel interfaces [in Fig. 6.6 (a)], and must 
perfectly fill in the cross section of the transmission line in cavity [in Fig. 6.6 (b)]. 
 
By using precision fixture in Fig. 6.5 (a), (b), the μr of SUT can be predicted using 
(Keysight Technologies, 2014): 
 
                                           
 
 
2
1
ln
SUT Empty
r
o
j Z Z
h c b



 
                                (6.3) 
 
where ZEmpty and ZSUT are the measured impedance without and with SUT 
mounted in 16454A, respectively. Symbols b and c are the inner diameter and 
outer diameter of SUT and h is the thickness of the sample. 
 
 
 
(a) 
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(b) 
 
 
(c)     
 
 
(d) 
Fig. 6.5   (a) (b) Keysight (Formerly Agilent Technologies Inc) 16454A Magnetic 
material test fixture (1 kHz to 1 GHz) with Keysight 42942A terminal adapter for 
impedance analyzer. (c) Keysight 16453A dielectric material test fixture (1 MHz to 
1 GHz). (d) Keysight 16451B dielectric test fixture (5 Hz to 30 MHz) (parallel 
plate capacitor method) (Keysight Technologies, 2014). 
 
Sample 
Sample 
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                     (a)                                                                    (b) 
 
Fig. 6.6   (a) Toroid-shaped magnetic sample under test (SUT). (b) 16454A cavity 
and sample holder. 
 
 For measurements in Fig. 6.5 (c), (d), the sample must be solid in thin planar 
form. The surface sample is required to be larger than the parallel plate of the 
capacitor as shown in Fig. 6.7. The relative complex permittivity, εr of the planar 
sample can be directly predicted via (Keysight Technologies, 2014):                  
 
                                                  
 
2
2
SUT
r
o
t C
d



                                                (6.4)         
                                        
where CSUT is the measured capacitance of the sample. Symbols t and d are the 
sample thickness and diameter of the circular capacitor plate, respectively. 
 
       
                                 (a)                                                                (b) 
 
Fig. 6.7   (a) Sensor head for Keysight 16451B dielectric test fixture. (b) Parallel 
plate capacitor method. 
 
 
6.3 MICROWAVE MATERIALS CHARACTERIZATION 
 
6.3.1 Resonators 
For resonant methods, a resonator is filled with a sample as illustrated in Fig. 6.8. 
This produces a resonance frequency shift, Δf and also a broadening of the 
resonance curve compared to the resonator without filled with any sample as 
shown in Fig. 6.9. The particular resonance frequency for the resonator without 
b 
c 
h 
Sample 
Cavity 
Sample 
holder 
Sample 
t 
d 
Capacitor 
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filled with sample is depends on its shape and dimensions. The properties of the 
sample can be characterized from the measurements of shifting resonance 
frequency, Δf and quality of factor Q.  
 
 
                                 
(a)                                        (b)                                          (c)                                             (d) 
                                                       
                (e)                                         (f)                                           (g)                                                 (h) 
 
        
                (i)                                             (j)                                          (k)                                              (l) 
 
                  
                        (m)                                                                 (n)                                                          (o) 
 
Fig. 6.8   (a) TE011 parallel plate dielectric resonator (Weatherall et al., 2011). (b) 
Cavity resonator. (c) TE01δ dielectric resonator for solid sample measurements. (d) 
Dielectric resonator for liquid/powder sample measurements (Faz et al., 2015). (e) 
Resonant-mode and (f) Evanescent-mode split cylinder dielectric resonators for 
thin solid sample measurements (Janezic et al., 1999). (g) Split cylinder dielectric 
resonator. (h) Open-ended coaxial resonator (Marín et al., 2012). (i) One-port open 
resonator (Shu et al., 2015). (j) Two-port open resonator (Fabry-Perot resonator) 
(Suzuki et al., 2008). (k) Open-ended rectangular resonator (Ramachandraiah et 
al., 1975). (l) Cavity perturbation (Sheen et al., 2016). (m) TE01n cylindrical cavity 
resonator. (n) Microstrip ring resonator (Heinola et al., 2006). (o) Microstrip line 
resonator (Suzuki et al., 2012). 
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                                 (a)                                                              (b) 
Fig. 6.9   (a) Shifting resonance frequency, Δf due to filled sample. (b) 
Determining Q-factor of empty and filled cavity. 
 
 
The relationship between shifting resonance frequency, Δf and relative 
permittivity, εr can be explicitly expressed as: 
 
                                               
1
2
1
2
o o S
r
S S
o S
S
V f f
V f
f f
A
f

  
     
  
 
   
 
                                   (6.5) 
 
where fo and fs are the resonant frequency of empty cavity and resonant frequency 
of filled cavity, respectively. Symbols Vo and Vs are the volume of empty cavity 
and filled sample, respectively. 
 
                                                
1 1 1
4
1 1
4
o
r
S S C
S C
V
V Q Q
A
Q Q

  
    
  
 
  
 
                                  (6.6) 
 
where Qc and Qs are the Q-factor of empty and filled cavity in which can be 
expressed as:  
 
                                                    
2 1
o
C
o o
f
Q
f f

                                             (6.7a)                       
 
                                                    
2 1
S
S
S S
f
Q
f f

                                             (6.7b) 
 
The resonance techniques are suitable choices for determining low loss tangent, 
tan δ (< 10-3) values for the low-loss sample, but they cannot be used for the 
measurement of swept frequency. Although this method provides accurate 
measurements, it requires high resolution and frequency sweep instruments, as 
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well as good environmental control measure. 
 
 
6.3.2 Free-Space Measurements 
Typically, the one-port measurements can only yield the εr value. However, the 
two-port measurements can give the εr and μr values simultaneously, since the 
measurements enable sufficient information to be obtained from the measured 
reflection (S11) and transmission (S21) coefficients, which are the wave 
propagation, √(εr×μr) and impedance, √(εr/μr) properties of the sample. A free-
space and transmission/reflection measurement techniques are grouped in the 
category of non-resonant methods. The free-space technique is a far-field 
measurement, and a horn antenna is used as the radiator as shown in Fig. 6.10 
(Tosaka et al., 2015; Abbas et al., 2001; Kemptner et al., 2011; Bourreau et al., 
2006). However, this method provides a less precise measurement due to the 
sensing field is highly dispersed. Furthermore, the distance between the sample 
surface and the horn aperture is difficult to gauge precisely. The free-space 
technique is suitable for the broadband measurement for low-loss or medium-loss 
thin film sample with high temperature because horn radiators do not come into 
direct contact with the sample, and thus, the RF circuits of the instrument are safe 
from heat damage. However, it is not suitable for low tan δ measurements due to 
highly dispersed sensing field. 
 
 
 
 
 
 
 
                                                            
                                 (a)                                                                      (b)  
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(d) 
  
 
 
 
 
 
 
 
                                                                                                                 
 
 
(e) 
 
Fig. 6.10: Free-space measurement setup for dielectric measurement of the 
sample. (a) Spot focusing horn set-up. (b) Bistatic radar set-up. (c) Rectangular 
dielectric waveguide set-up (Abbas et al., 2001). (d) Monostatic radar set-up. (e) 
Quasi-optical free-space measurement setup (Bourreau et al., 2006). 
 
 
Typically, the Thru-Short-Line (TRL) calibration model is used for free-space 
calibration (Bourreau et al., 2006). Firstly, the through standard is measured by 
placing the distance, 2L between the two horns equal to twice the reference plane 
as shown in Fig. 6.11. The reflect standard is obtained by placing a d mm 
thickness of aluminum plate at the center of the two horn antennas and the 
receiving horn is moved backward by d mm using precision micrometer. The line 
standard is achieved by increasing the distance of the transmitting and receiving 
antennas by quarter of the wavelength using micrometer. 
 
 
 
 
 
 
 
 
       Horn Sample 
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Figure 6.11: Free-space TRL calibration procedure. (a) The Through standard is 
achieved by moving both horns with 2L of distance. (b) A metal plate is used for 
the Reflect standard and receive horn 2 is moved back from origin position to a 
distance d equal to the metal plate thickness. (c) The Line standard is obtained by 
removing the metal plate and keeping the distance between the two horns 
unchanged. The Line length l must verify: 10° < kod < 170° over the frequency 
range, where l = d and ko = 2π/λo, to avoid any phase ambiguity during the 
extraction of the calibration error terms. 
 
 
The raw complex S11 and S21 of the d' thickness sample placed between both horn 
were measured by Vector Network Analyzer (VNA) as shown in Fig. 6.11 (d). 
The value of actual reflection coefficient, Γ and transmission coefficient, T of the 
infinite sample can be deduced from the measured S11 and S21 as: 
 
1
2
1
2
1
2
11
2
21
2
11
11
2
21
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
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 
11 21
11 211
S S
T
S S
 

  
 
 
(6.8b) 
 
The complex εr (= εrʹ - j εrʺ) and μr (= μrʹ - j μrʺ) of the sample were calculated by 
Nicolson-Ross-Weir technique as: 
 
22
2
1 1 1
ln
2
r
r c d T

  
   
         
 
 
(6.9a) 
 
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
  
 
(6.9b) 
and 
2
2
1 1 1
ln
2 d T
  
       
 
                  
(6.9c) 
 
where  is the free space wavelength, c  is the cutoff wavelength, and d′ is the 
sample thickness. 
 
 
6.3.3 One-Port Measurements 
The one-port measurement is based on the principle that a reflected signal 
(reflection coefficient, S11) through the waveguide, which end aperture is 
contacting firmly with the material under test (sample), will obtain the desired 
information about the material as shown in Fig. 6.12. The main advantage of using 
one-port reflection techniques is that the method is the simplest, broadband, non-
destructive way to measure the dielectric properties of a material. However, one-
port measurement is suitable only for measuring the relative permittivity, εr, of the 
dielectric material (non-magnetic material, μr = 1). It is due to insufficient 
information to predict the permeability, μr, if only obtained the measured 
reflection coefficient, S11 without transmission coefficient, S21 as mentioned in 
Section 3.2. For Fig. 6.12 (a) and Fig. 6.12 (c) measurement, the sample is 
considered infinite, as long as the sample thickness d is greater than the radius of 
the outer conductor b. However, the radiation, or sensing area, for an aperture 
rectangular waveguide is much greater than that of a coaxial probe. For instance, 
the WR90 waveguide has a radiation distance up to 20 cm in the air from the 
aperture waveguide. Hence, the sample under test must be much thicker when the 
rectangular waveguide is utilized in the measurement. Besides, the coaxial probe 
and rectangular waveguide also capable of testing the thin film sample as shown 
in Fig. 6.12 (b) and Fig. 6.12 (d).  The measurements required that the thin sample 
is backed by a metallic plate. 
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(a)                                                                                                (b)       
                                                          
 
 
 
 
 
 
 
 
(c)                                                                                               (d) 
 
 
 
 
 
 
 
 
                                 (e)                                                                                                                           (f) 
 
 
 
 
 
 
 
 
                                    (g)                                                                                                                       (h) 
 
 
 
 
 
 
 
 
 
 
                                                                                                   (i) 
 
 
Fig. 6.12   One-port measurements using the coaxial probe and the rectangular 
waveguide: (a) Half-space infinite sample (You et al., 2010). (b) Thin sample 
backed by metal plate (You et al., 2015). (c) Sample as a part of coaxial line 
(Courtney et al., 1999). (d), (e) Sample placed at the end of the coaxial line 
(Shehab et al., 2017; Iskander et al., 1972). (f) Monopole driven from coaxial line 
inserted into sample (Burdette et al., 1980). (g) Similar to (a) (Chang et al., 1997). 
(h) Similar to (c) (Fenner et al., 2012). (i) Similar to (b) (You et al., 2014).  
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6.3.4 Two-Port Measurements 
 
For two-port measurement, in general, the material filled in the waveguide has 
been conventional practice to measure the reflection coefficient   and the 
transmission coefficient by using Nicholson-Ross-Weir (NRW) routines 
[Equations (6.8a)-(6.8b), (6.9a)-(6.9c)] and convert these measurements to relative 
permittivity, εr and relative permeability, μr as shown in Fig. 6.13 (a)-(h). 
 
 
 
 
 
 
 
                                   (a)                                                                                    (b)                                                 
   
 
 
 
 
 
 
 
 
 
 
 
                                    (c)                                                                                                                    (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
                                                         (e)                                                                                                 (f) 
 
                                         
 
 
       
                                
                                    (g)                                                                                    (h) 
Fig. 6.13   Sample (a) fully and (b) partly filled the cross-section of rectangular 
waveguide (You et al., 2015; Catalá-Civera et al., 2003). (c) Similar to (a) (Weir, 
1974). (d) Thin sample placed at the center between two waveguides (Hyde et al., 
2007). (e), (f) similar to (d) (Yushchenko et al., 1997; Hyde et al., 2016). (g), (h) 
Thin sample on the top of transmission line (Quéffélec et al., 1998; Panda et al., 
2016). 
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For very low loss sample (tan δ < 10-4), the resonant method will be useful. 
Recently, besides high temperature measurements, the free-space method is 
widely used to measure the absorption properties of samples since this method is 
capable of supplying the far-field incident signals from various angles to the 
sample surface. For lossy sample, fixture as illustrated in Fig. 6.12 (a) is the best 
option due to range of εr measurement capability is high (1 ≤ εr < 1000), 
nondestructive, simple, and broadband. Thus, normally the εr measurements for 
the biological or chemical samples found in literatures are using the fixture as in 
the Fig. 6.12 (a). Normally, researchers in the field of materials science prefer to 
use the two-port measurements in order to measure both εr and μr values 
simultaneously. Among the two-port measurements, fixture in Fig. 6.13 (c) is 
commonly used compared to in Fig. 6.13 (a) although it requires more 
complicated sample preparation since the fixture has better resolution in tan δ (< 
10-3) measurement besides their broadband features. Various current measurement 
methodologies are summarized in Table 6.1 for brief comparison. Fig. 6.14 
provides a comparison of the dielectric range measurement capable between the 
techniques that have been mentioned 
 
Table 6.1 Measurement ranges of various methods. 
tan δ f (GHz) 
0.001 0.1 0.2 0.5 1 5 10 20 30 40 60 80 100 200 300 1100 
10-6                 
10-5                 
10-4                 
10-3                 
10-2                 
10-1                 
1                 
10                 
102                 
103                 
 
 
 
Fig. 6.14   The measurement ranges of the dielectric constant, εrʹ and the loss 
factor, tan δ for each measurement techniques.  
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6.4 OPTICAL MATERIALS CHARACTERIZATION AND 
APPLICATIONS 
 
In recent years, optical sensor for material characterization are still wider and 
more common than microwave sensor. In general, optical material is characterized 
based on a variety of refractive index, n properties of the material. Optical sensors 
using one-port reflection measurement principle are called retro-reflective sensors 
or diffuse reflection sensors as shown in Fig. 6.15 (a) and (b). On the other hand,  
two-port measurement set-up is denominated as through-beam sensors as shown 
in Fig. 6.15 (c). The optical sensor system comprises primarily of an emitter (such 
as Mid-infrared source) for emitting light and a receiver for receiving light (such 
as optical spectrum analyzer). When emitted light is interrupted or reflected by the 
sensing sample, it will change the amount of light that arrives at the receiver. The 
receiver detects this changes and correlate to desired measured parameter (such as 
chemical composition) of the sample under test.  
 
 
 
 
 
 
 
 
 
                           (a)                                                                   (b) 
 
 
 
 
 
 
 
                                                           
                                                            (c) 
 
Fig. 6.15   (a) Retro-reflective sensors. (b) Diffuse reflection sensors. (c) Through-
beam sensors. 
 
 
For measurements in Fig. 6.15 (a) - (c), the sample is not directly contacted by the 
sensor system (seem like free-space technique). There is also an optical sensor 
system whereby the sample is placed on the part of the sensor. Typically, optical 
waveguides (in Fig. 6.16) are designed and modified as sensors. The waveguide is 
excited by an incident infrared and propagated through the waveguide. The 
sample is placed on the waveguide surface and the incident signal will partially 
reflect or transmit due to the discontinuity impedance along the transmission line. 
Then, the reflected/transmitted signal will correlate with the refractive index, n or 
other desired parameters. 
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Fig. 6.16   (a) Slab waveguide. (b) Buried waveguide. (c) Diffused waveguide. (d) 
Strip-loaded waveguide. (e) Ridge waveguide. (f) Rib waveguide. (g) ARROW 
waveguide (Peter Kozma et al., 2014).  
 
 
In Fig. 6.16, those waveguides typically  have constant cross-section along their 
directions of propagation. However, waveguides can also have periodic changes in 
their cross-section while still allowing lossless transmission of light via so-called 
Bloch modes. This kind of optical waveguide is known as photonic crystal 
waveguide (PCW), which is created using photonic crystal (PC) fibers and it has 
periodical optical micro- or nano-structures. Thus, the photonic crystal has 
periodic refractive index, n as shown in Fig. 6.17. In recent years, PCW is used for 
temperature, humidity, chemical composition sensors (such as pH meter) and 
biosensing purposes (such as antibody sensing).  
 
 
                           
 
(a)                                                                       (b) 
Fig. 6.17   (a) Periodical structure of photonic crystal waveguide in micro-scale 
(Faolain et al., 2010). (b) Propagated wave across the photonic crystal waveguide. 
Some of the photonic crystal waveguides (PCWs) have been modified to improve 
Air pores of the  
photonic crystal fiber 
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the sensitivity and stability of the measured sample as shown in Fig. 6.18. 
Typically, the main instruments used in this kind of optical measurement are mid-
infrared source, photonic crystal waveguide sensor, and optical spectrum analyzer 
as shown in Fig. 6.19.  
 
          
 
                            (a)                                                                  (b) 
 
Fig. 6.18   (a) T-shaped PCW (Mirbek et al., 2017). (b) Slotted PCW 
(Baghdouchea et al., 2018). 
 
 
 
Fig. 6.19   Precision optical experimental set-up (Mirbek et al., 2017). 
 
 
Similar to the microwave method, material characterization using optical 
technique can also be referred to the shifting resonance frequency/wavelength or 
the change in the reflection/transmission coefficient. For instance, several 
measurement results have been extracted from some literatures as shown in Fig. 
6.20, 6.21, 6.22 and 6.23 (Darran et al., 2013; Mirbek Turduev et al., 2017; Ya-
nan Zhang et al., 2015; Baghdouchea et al., 2018). 
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Fig. 6.20   (a) Simulated (red and black curves) and measured (blue) resonant 
wavelength as a function of temperature. (b) Measured transmission coefficient 
(in dB) of the sensor at T = 50.7 °C (Darran et al., 2013). 
 
 
 
Fig. 6.21   (a) The cross sections of transmission map superimposed. (b) The 
transmittance coefficient (resonant peak shift) for different refractive index 
ranging from n = 1.0 to n = 1.20 (Mirbek Turduev et al., 2017). 
 
 
  
                                (a)                                                                (b) 
Fig. 6.22   Normalized transmission coefficient of PCW for different infiltrated 
refractive indices. (b) Resonant wavelength and Q-factor of PCW (Ya-nan Zhang 
et al., 2015). 
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                                    (a)                                                                 (b) 
 
Fig. 6.23   Measured transmission coefficient (in unit dB) for TE-like polarization 
of the slotted photonic crystal waveguide immersed into liquids with different 
refractive index ranging from n = 1.0 to n = 1.50. (b) The cut-off wavelength 
shifts for different refractive index, n values (Baghdouchea et al., 2018). 
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7.1 INTRODUCTION 
 
Over the past decades, cancer has become a major cause of mortality. Different 
forms of tumor therapy including radiotherapy, chemotherapy and thermal 
ablation therapy are used to treat cancer. Nevertheless, thermal ablation is the 
technique that disregards the use of chemicals or harmful radiations. Extreme 
temperatures, which can be either high or low, is applied to induce irreversible 
cell injury and ultimately tumor apoptosis and coagulative necrosis [1]. Thermal 
ablation techniques include hyperthermia treatment such as radiofrequency 
ablation (RFA), microwave ablation (MWA), laser ablation (LA), and high-
intensity focused ultrasound (HIFU). Research has shown that the hyperthermia 
treatment can damage and kill the cancerous cells with minimum injury to the 
normal cells by destructing proteins and the structure within cells [2]. 
Temperatures in excess of 60℃ are known to cause relatively instantaneous cell 
death [3].  
 
One of the hyperthermia-based ablation techniques is laser ablation (LA), which 
uses laser optical fibers to deliver high energy laser radiation to the tissue. In 
surgical applications, the Neodymium:Yttrium Aluminum Garnet (Nd:YAG, 
wavelength of 1064 nm) and diode (wavelength of 800-980 nm) have been the 
most widely used lasers. This is due to their general availability and because near 
infrared light penetrates tissue deeper than other common laser light wavelengths 
[4]. However, the disadvantages of most Nd:YAG laser units are their bulk size, 
expensive, limited portability, and require fixed installation for water cooling or 
power supply. Thus, diode laser emitting light from a compact desktop unit and 
transmissible via flexible quartz fibers acts as an alternative to Nd:YAG laser [5]. 
 
One of the most significant requirements in order to ensure the quality of the LA 
therapy is to monitor temperature accurately during treatment. Even though 
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thermocouples or other metallic sensors are widely used for their user-
friendliness, low cost, simplified examination and sufficient metrological 
performance, however, metallic sensors cannot be used in some critical 
applications especially in many medical applications. Therefore, optical 
technologies such as fiber optics has been remarkably advanced in providing 
alternative for sensing temperatures. Benefits of using fiber optic sensors are 
recognized not only to beat their metallic counterparts in terms of invasive impact 
and sensitivity as well as for their basic safety, but they also immune to 
electromagnetic interference and possible to operate without degradation in harsh 
environments [6].  
 
On the other hand, hyperthermia treatment is not yet a regular clinical technique 
due to lack of automatic temperature control via a feedback mechanism. The 
advantages of having such a system offers patient safeguards as well as essential 
for optimal tumor treatment and regression [7]. However, the tissue temperature 
distribution in the ablation zone is not known. In this work, we have demonstrated 
the use of phase-derivative distributed temperature sensor for tissue temperature 
measurement. The measurement of tissue temperature distribution in the 
surrounding of ablated tissue is analysed. 
 
7.2 MATERIALS AND METHODS 
 
In the experiment, we employed a thin laser-driven hot needle powered by a 7W 
diode laser. To control the needle temperature, a 2mm long FBG sensor is 
incorporated into the needle hotzone to provide a close-loop temperature control 
with the diode laser using an Arduino microcontroller. In the fabrication, optical 
fibers which commonly used in medical applications with a diameter of 800 μm 
was used for laser delivery. The optical fiber was embedded inside a 
biocompatible resin-made needle.  
 
In order to monitor the temperature distribution within the vicinity of the treated 
tissue, a phase derivative distributed sensor based on chirped grating-Michelson 
Interferometer as illustrated in Fig. 7.1 is used. The chirped grating is the sensor 
head has been inserted in the liver tissue in perpendicular orientation of the laser 
hot needle. The temperature sensor needle was developed from fiber-based 
temperature sensor (FBG array). The temperature sensor needle can measure the 
needle temperature during the process of therma-ablation. 
 
Experiment was carried on ex-vivo bovine liver tissue. The tissue was harvested 
from a local slaughter house and stored in the refrigerator to prevent any 
dehydration and structural deformation. The laser driven hot needle was inserted 
to proper positions. The detail description of the sensor design and operation can 
be found in the literature [8]. 
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Fig. 7.1   Micron-resolution distributed temperature sensor based on chirped 
grating (sensor head) and Michelson Interferometer. 
 
 
7.3 RESULTS AND DISCUSSION 
 
Fig. 7.2 shows temporal developments of the temperature during the laser 
irradiation. The target temperature of 120°C above the ambient temperature 
(24°C) was desired for 25 minutes of hyperthermia. After the irradiation, the 
temperature dropped exponentially with the time. Upon reaching 120ºC, the 
temperature was invariably sustained at the same temperature until the laser was 
off at 1500 s. The micro-controller was employed to consistently control the 
amount of laser power to sustain the pre-determined temperature of 120ºC and 
hence to achieve constant tissue coagulation during the irradiation. The laser 
output voltage of 3.8 V was initially applied to the tissue and then decreased and 
began to fluctuate which represented the onset of the steady-state. Based on real-
time temperature input from the FBG sensor, the micro-controller can perform a 
dynamic PID control on laser intensity for a safe hyperthermia treatment. This 
system removes any adverse effects of charring and overheating of the biological 
tissue. In order to prevent the overshoot temperature during the transient state as 
well as to minimize the steady-state errors, the parameters for the PID controller 
(i.e., Kp, Ki, and Kd) were calculated. 
 
 
Fig. 7.2   Temperature development as a function of time during and after 
laser irradiation. Note that the PID-controlled temperature was set at 120ºC 
during the ablation procedure. 
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Fig. 7.3 presents a temperature distribution along the laser needle after 1800-s 
irradiation at 3.8 V in a PID-controlled mode.  
 
 
 
Fig. 7.3   Temperature profile during insertion in liver. 
 
 
Fig. 7.4 exhibits developments of irreversible thermal denaturation during 
irradiation in a PID-controlled mode at 3.8 V. The result indicates the irreversibly 
coagulated tissue (i.e., discolored region). According to the experiment. The 
irradiation time of 1800 s generated a coagulation width of 0.9 cm in tissue. 
 
 
 
Fig. 7.4   Thermal denaturation region after irradiation times of 25 
minutes at 3.8 W. 
 
 
7.4 CONCLUSION 
 
The study has proven that phase-derivative distributed sensor is useful in 
measuring the temperature distribution in the ablation tissue. A 10 mm width of 
thermal ablation on bovine liver has been performed. The proposed method 
10 mm 
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provides an important information to the users and designers to help in better 
control and design of the laser ablation needle. However, further investigation is 
required to further improve the performance of the laser ablation needle before 
clinical practice.  
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8.1 FROM PLAIN OLD TELEPHONE SYSTEM (POTS) TO PASSIVE 
OPTICAL NETWORKS (PONS) 
 
The invention of the telephone in 1876 and the founding of the Bell Telephone 
Company in 1878 set the stage for the widespread development of what is now 
known as the plain old telephone system (POTS). Two years later, a photophone, 
as it was called, allowed for the transmission of sound over a beam of light. 
 
Over the years, various pioneers have made a long series of fascinating discoveries 
and technological breakthroughs, including the laser and the single mode optical 
fiber, that make it possible to transmit massive amounts of information over long 
distances using light. Today, more than 90% of US long-distance traffic is carried 
over optical fibers. However, twisted pairs of copper wire are still widely used for 
the short-distance connections between the central office (CO) and subscribers. 
 
Fiber-to-the-home (FTTH) technology represents an attractive solution for 
providing high bandwidth from the CO to residences and to small- and medium-
sized businesses. FTTH is cost-effective because it uses a passive optical network 
(PON). What makes FTTH even more interesting is the increased network 
reliability and ease of network testing, measuring and monitoring. These systems 
follow the same basic principles as standard fiber networks, enabling the use of 
much of the same gear for installation and maintenance. 
 
 
8.2 FTTH ARCHITECTURES 
 
Fig. 8.1 illustrates the general architecture of a typical FTTH network. At the CO 
(also referred to as the headend), the public-switched telephone network (PSTN) 
and Internet services are interfaced with the optical distribution network (ODN) 
via the optical line terminal (OLT). The downstream 1490 nm and upstream 1310 
nm wavelengths are used to transmit data and voice. Analog RF video services are 
converted to optical format at the 1550 nm wavelength by the optical video 
transmitter. The 1550 nm and 1490 nm wavelengths are combined by the WDM 
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coupler and transmitted downstream together. IPTV is now transmitted over 1490 
nm. 
 
 
 
Fig. 8.1   FTTH architecture 
 
In summary, the three wavelengths (1310, 1490 and 1550 nm) simultaneously 
carry different information and in various directions over the same fiber. The F1 
feeder cable carries the optical signals between the CO and the splitter, which 
enables a number of ONTs to be connected to the same feeder fiber. An ONT is 
required for each subscriber and provides connections for the different services 
(voice, data and video). Since one OLT provides service to up to 32 subscribers 
(more than 64 with GPON), many OLTs originating from the same CO are 
usually required in order to serve a community. There are different architectures 
for connecting subscribers to the PON. The simplest uses a single splitter (see Fig. 
8.2), but multiple splitters can also be used (see Fig. 8.3). 
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Fig. 8.2   Single stage architecture 
 
 
 
Fig. 8.3   Single stage architecture 
 
 
8.3 PASSIVE OPTICAL DISTRIBUTION NETWORK EQUIPMENT 
 
Passive optical distribution network (ODN) equipment consists of gear and 
components located between the OLT (active) and the customer premises (the 
ONT; active); this includes both optical and nonoptical components of the 
network. The optical components make up the optical distribution network (ODN) 
and include splices (fusion and mechanical), connectors, splitters, WDM couplers, 
fiber-optic cables, patchcords and possibly drop terminals with drop cables. The 
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non-optical components include pedestals, cabinets, patch panels, splice 
enclosures and miscellaneous hardware (see Fig. 8.4). 
 
 
Fig. 8.4   Passive ODN equipment 
 
 
8.4 KEY PHYSICAL PARAMTERS AFFECTING NETWROK 
PERFORMANCE 
 
The purpose of any fiber-optic network is to perform high-speed, error-free data 
transmission. Adequate testing during each phase of the network deployment 
guarantees that products meet specifications, plus it minimizes costly and time-
consuming troubleshooting efforts by locating dirty/damaged connectors, 
questionable splices and other faulty components before they disrupt service. 
 
One of the most important factors in ensuring proper transmission is controlling 
the power losses in the network against the link’s loss-budget specifications from 
the ITU-T recommendation and standard, which is done by establishing a total 
end-to-end loss budget with enough of a buffer, while reducing backreflections to 
a minimum. This is particularly true for high-power analog RF video signals 
(normally at 1550 nm) from extremely narrowband lasers, since strong 
backreflections degrade the quality of the video transmission. This section 
discusses the main parameters that can greatly affect the performance of the 
network. 
 
 
8.4.1 THE LOSS BUDGET 
 
One of the first tasks to perform when designing fiber-optic networks is to 
evaluate the acceptable loss budget in order to create a product that will meet 
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application requirements. To adequately characterize the loss budget, the 
following key parameters are generally considered: 
 
› Transmitter: launch power, temperature and aging 
› Fiber connections: splitter, connectors and splices 
› Cable: fiber loss and temperature effects 
› Receiver: detector sensitivity 
› Others: safety margin and repairs 
 
When one of the above-listed variables fails to meet specifications, the 
performance of the network can be greatly affected, or worse, the degradation can 
lead to network failure. 
 
 
8.4.2 WHAT CAN AFFECT THE LOSS BUDGET? 
 
As seen in the previous section, the ODN consists of several elements that will 
respectively contribute to the overall loss of a system. In theory, considering the 
insertion loss (e.g., fiber attenuation) of each element should be sufficient to make 
sure the budget loss will be respected once deployed. Unfortunately, in practice, 
this is not always the case. The following sections highlight phenomena that could 
eventually affect the insertion loss or optical return loss of these elements when 
they are deployed in the field. 
 
Insertion loss (IL) which is shown in Fig. 8.5 is the increase in attenuation caused 
by inserting a connector pair (or passive component) into a fiber-optic link. A 
certain amount of signals will be lost at each point. Optical return loss (ORL) is 
the ratio of the forward optical power to the reflected optical power. When light is 
injected into a fiber-optic component, such as a connector, a multiplexer or the 
fiber itself, some of the energy is transmitted, some is absorbed and some is 
reflected. The total light that comes back (i.e., reflected) is what we call ORL. 
 
ORL is caused by two fundamental effects. The first is the Rayleigh scattering 
effect; specifically, the part that goes back to the source point, known as 
backscattering. The second effect consists of Fresnel reflections, which are small 
portions of light that are reflected back when light travels through materials of 
differing indexes of reflection.  
 
Rayleigh backscattering consists of reflections that result from light-scattering due 
to impurities in the fiber and is intrinsic to the fiber itself; the light interacts with 
the density fluctuations of the fiber. The phenomenon can be caused by a variation 
in the material density and composition, which give rise to variations in the fiber’s 
refractive index. This causes part of the wave to escape from the waveguide. 
When the size of the defect is less than one-tenth of the wavelength’s incident 
light, it is referred to as scattering, while backscattering refers to the part that is 
captured in the fiber and that propagates in the backward direction. 
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Fig. 8.5   (a) Insertion loss (b) Optical return loss. 
 
In order for the system to work properly when bad connection occurred, network 
elements must be interconnected. Currently, there are two main ways being used 
to connect two optical elements which are connectors and splices. However, these 
two optical elements could have the dirty and damaged connectors where it blocks 
a substantial transmission area and significantly increase the loss which is shown 
in Fig. 8.6. 
 
 
Fig. 8.6   Example of dirty and damaged connectors 
 
A bad connection will generally increase the insertion loss of a device/element 
(e.g., splitter) in the ODN, which will contribute to the overall loss budget. If there 
are too many bad connections in the ODN, or if there is one with exaggerated loss, 
the overall loss budget may not be respected, potentially resulting in a non-
functional network that does not deliver the services it should. Another effect that 
can result from a bad connection (e.g., UPC connector connected to an APC 
connector) is the increase in the overall ORL. This parameter was not taken into 
consideration for testing in the past. Now, with the analog-videoover-PON 
networks, ORL measurement from the CO to the ONT is strongly recommended 
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in order to obtain ghost-free transmissions when analog video is present. In 
general, high ORL may have the following effects on the network: 
 
› Strong fluctuations in laser output power 
› Potential permanent damage to the OLT 
› Higher bit-per-error rate (BER) in digital systems 
› Distortions in analog video signals 
 
 
8.5 TESTING PROCEDURES 
 
Once the design of the network has been completed, the lifecycle of a network 
generally consists of three main phases: construction, activation and maintenance 
which is shown in Fig. 8.7. The following sections will highlight some of the key 
testing elements that should be considered during the lifecycle of a PON for an 
FTTH application.  
 
 
 
Fig. 8.7   FTTH testing pyramid 
 
 
8.6 CONSTRUCTION 
 
The bottom of the pyramid (Fig. 8.7) indicates the most extensive phase of FTTH 
deployment; i.e., construction. It is during this phase that most of the work 
required to prepare the dwelling gets done; namely, the fiber connections, which 
usually reach the fiber distribution panel. In some cases, a fiber installation 
contractor will be responsible for installing and, subsequently, maintaining the 
fiber within this demarcation (i.e., FDH). 
 
Proper FTTH installation is the most important step towards an easy-to-maintain 
broadband network and a high return on investment. Appropriate testing during 
the construction/ installation phase will minimize costly and time-consuming 
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troubleshooting efforts after the fact, as it helps locate problematic splices, dirty or 
damaged connectors and other faulty components ahead of time, before service 
disruption occurs. Some of the main reasons to conduct testing during the 
construction phase include qualifying the outside plant section of the network (or 
ODN) and documenting it for future reference, making sure the network meets 
transmission-system requirements (standards) and avoiding delays and costly 
repairs upon system turn-up. 
 
Table 8.1 shown a proper connector care and fiber handling are an important piece 
of the puzzle to make a network less problem-prone. Another critical aspect is 
end-to-end fiber mapping/documentation, as this ensures that once the network is 
up and running, any service interruptions due to network-related issues are 
resolved in the shortest possible time. 
 
Table 8.1   Summary Table for FTTH Testing–Construction Phase 
 
 
 
8.7 ACTIVATION 
 
Service activation is associated with what is known as “home-connect” service 
turn-up. This process includes the connection between the fiber drop point (FDP) 
and the optical network terminal (ONT) at the customer’s premises as shown in 
Fig. 8.8. To validate the integrity of the last mile, the same IL and ORL tests 
conducted during the construction phase can be repeated on the drop cable prior to 
installing the ONT. As FTTH networks link one location to multiple locations 
(i.e., they are P2MP networks), each drop fiber corresponds to a specific customer 
or ONT. It is mandatory to measure all passive optical signals (downstream: 
1550/1490 nm, and upstream: 1310 nm) to eliminate power budget issues during 
service turn-up. It is of utmost importance to implement proper fiber management 
in order to reduce problems related to splice loss, connectors, macrobends and 
human error. 
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Fig. 8.8   Test point during activation. 
 
False power readings often lead to discrepancies between values measured and 
manufacturer specifications; this is particularly true for PON applications as 
shown in Fig. 8.9. It is therefore critical that accurate, PON-specific power meters 
with good track records are used for measurement and documentation purposes. 
The minimum requirements for PON power meters are as follows: 
 
› Ability to measure both upstream (at 1310 nm) and downstream (at 1490 
nm and 1550 nm) transmissions 
› Ability to measure true upstream burst signals (at 1310 nm) 
› Ability to save results and generate coherent reporting for integration 
with ODN results database (OLTS and OTDR) 
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Fig. 8.9   PON power reading 
 
Verifying optical levels at various locations along the same fiber path helps 
pinpoint problems and/or defective components before activating a customer’s 
service. Since FTTH network problems are often caused by dirty or damaged 
connectors, component inspection greatly reduces troubleshooting, as power 
levels are verified for each network section. Therefore, each connection point 
using a fiber inspection probe need to inspect before each power measurement. 
 
 
8.8 MAINTENANCE 
 
When service is activated on a passive optical network (PON), telephony, high-
speed Internet and video signals are sent from the optical line terminal (OLT) at 
the central office (CO) to various optical network terminals (ONTs) at different 
residential customer locations. In this situation, if one of the ONTs goes down and 
cannot restart its synchronization with the OLT, this branch of the PON becomes 
inactive and the customers associated with this branch lose service. The result is 
that a technician is called in to troubleshoot and restart the service. 
 
 
8.8.1  TROUBLESHOOTING LIVE SYSTEMS 
 
The technician’s first step when troubleshooting a live system is to locate and 
identify the source of the optical problem in what may be a complex optical 
network topology that includes several splitters, fibers and ONTs. Fig. 8.10, on 
the following page, shows a multisplitter network topology. The numbers indicate 
the different zones where a problem may be located. If a break occurs in the cable 
between the OLT and a downstream splitter, all ONTs downstream from that 
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splitter on, will be affected; however, if a problem like macrobends or dirty 
connectors causes optical power to be lost somewhere in the network, only a 
number of downstream ONTs may be affected. Since the attenuation in fiber-optic 
cables is proportional to length, distant ONTs receive a weaker downstream 
optical signal than closer ones. The upstream optical signals received at the CO 
from the more distant ONTs are also weaker and the OLT will detect such a 
decrease in performance. Problems that may occur in an FTTH network when 
optical power level at one or more ONTs does not meet the specified minimum 
power level, loss of signal (no power), increased BER or degraded signal which 
caused by insufficient power and hardware problem with an active component (at 
ONT or CO). 
 
 
Fig. 8.10   Troubleshooting zones in a typical FTTH network 
 
Since most of the components in the network are passive, problems are often due 
to dirty/ damaged/ misaligned connectors or breaks/ macrobends in the fiber-optic 
cable. These will affect one, some, or all subscribers on the network, depending 
on the location of the problem. The faulty zone can be isolated using PON power 
meter. This instrument is connected as a pass-through device, allowing both 
downstream and upstream traffic to travel unimpeded. It measures the power at 
each wavelength simultaneously. It also detects the burst power of the ATM 
traffic. This meter can be used for troubleshooting at any point in the network (see 
Fig. 8.11). 
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Fig. 8.11   Using a PON power meter for troubleshooting various points in an 
FTTH network. 
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9.1 INTRODUCTION 
 
In a typical laser resonator, optical elements such mirrors and beam splitters show 
no variation of optical properties over a wide range of temperatures. Stimulated 
emission cross section will depend on the temperature which affects the lasing 
performance such as output power, threshold and saturation intensity.  
 
Singh [1] and Kushida [2] have been studied in the room temperature stimulated 
emission cross section of Nd: YAG crystals and spectrum properties. The 
threshold and slope efficiency of Nd: YAG crystals at temperature ranges between 
30 – 300 K have been reported [3]. The absorption and emission spectra, 
stimulated emission cross section and radiative lifetime of Nd:YAG crystals was 
investigated by Dong et al.[4]. They investigated at various doping concentration 
with 1, 2 and 3 at. % Nd3+ with the temperature ranges 70 to 300 K. The linewidth 
and thermal shifts of several lines in Nd3+:YAG crystals have been measured by 
Kushida. Xing [5] also report similar works. They report thermal shift of the all 
spectral lines from 4F3/2 to 
4I11/2 in Nd: YAG laser for temperature ranges of 20°C 
to 200°C. They also studied the shift changes between Stark level R1 and R2. 
Sadar et.al. [6] investigated the thermal effects on the linewidth positions and line 
shift of the 933.6 nm and 1057.3 nm lines of Nd3+ doped lanthanum lutenium 
gallium garnet (LLGG) crystals. 
 
The long pulse and Q-switched temperature dependent were investigated at 1064 
nm wavelength [7]. The temperature ranges in between -60 to 60°C, the effects of 
temperature on the laser threshold, laser output energy and slope efficiency was 
investigated. In design Q-switched and free running solid state laser this works is 
useful if the laser operates at different temperatures without damaging intracavity 
optics. The spectroscopic properties of Nd: YAG will be studied which will lead 
estimation of emission cross section and laser performance through variable 
temperature.   
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9.2 THEORY 
 
Stimulated emission cross section plays an important role in design and construct 
a laser system. It is crucial to characterize the value of stimulated emission cross 
section in a gain medium. By using Fucthbaer-Ladenburg (F-L) formula, the 
stimulated emission cross section for a specific transition between two states of an 
active ion can be measured from spectral emission. The F-L formula is given as 
[8]: 
 
 
 
Where A21 is the Einstein coefficient, λo is the peak wavelength of the laser, n is 
the refractive index and ∆ν is FWHM linewidth. 
 
 
 
By substitute A21 from Equation 9.2 into Equation 9.1 gives the form of formula 
for spectroscopic stimulated emission cross section used in this study: 
 
 
 
 
9.3 FREE RUNNING LASER 
 
The performance of output power of a free running or long pulse Nd:YAG laser 
can be expressed as [7] 
 
 
 
Where Pout is the output power, ηs is a slope efficiency, Pin is the input power and 
Pth(T) is the threshold power. Pth is depends on the temperature where it is also 
dependent on the stimulated emission cross section of a lasing medium. The 
threshold power is expressed by 
 
 
 
Where V is the gain medium volume, L is the intracavity non-productive losses,R 
is the reflectivity of the resonator, σ is the stimulated emussion cross section ,ηpe 
is the efficiency with which pumped photon at frequency νp are absorbed into the 
upper laser level. Equation 9.1 and 9.2 differentiate with respect to temperature 
leads to 
 
(9.1) 
(9.2) 
(9.3) 
(9.4) 
(9.5) 
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Equation 9.3 showed that the laser output power is proportional to the slope 
efficiency and the change the threshold power but the laser output effectively 
decreases as the temperature decreases. 
 
 
 
From Equation 9.4, the threshold power Pth increased as the temperature increases 
if the changes in cross section with respect to temperature dσ/dT is negative. The 
input power will be remains constant at every level of temperature.  
 
 
9.4 EXPERIMENTAL SETUP 
 
The schematic diagram to determine the stimulated emission cross section at 
different temperature and input power is shown in Fig. 9.1. Laser crystal used in 
this study was the uncoated at 1%. The Nd: YAG crystal was pumped by the 
diode laser. The pump beam was focused onto the crystal by using the focusing 
lens. The temperature sensor was attached to the copper holder of the laser 
crystals. The laser crystal was initially cooled down to 20°C by adjusting the 
temperature setting at the thermoelectric temperature controller. After the laser 
diode was switched on, the output spectrum line was detected via CCD camera 
placed at 30 cm from the source and interfaced with computer.  The Wavestar 
version 1.05 software was used to analyze the emission spectrum including the 
intensity, wavelength and linewidth each lines of the spectrum. The experiment 
was repeated by changing the temperature from 20°C to 55°C and the input 
current for each temperature.  
 
 
 
Fig. 9.1  Experimental set-up for measurement of stimulated emission cross 
section of Nd: YAG. 
 
 
(9.6) 
(9.7) 
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9.5 RESULTS AND DISCUSSIONS 
 
9.5.1 Spectroscopic of Nd: YAG laser crystal 
 
Fig. 9.2 shows an output spectrum of Nd: YAG laser crystal pumped by diode 
laser which is captured using spectrum analyzer. There are two peaks appeared in 
the Fig. 9.2 which centered at 808 nm and 1064 nm respectively. The transmission 
of unabsorbed pump beam through the crystal was shown at the peak 808 nm. The 
dominant peak in spectrum is 1064 nm. The peak represents the laser transitions 
from 4F3/2 to 
4I11/2 level. There should be another three peaks near the 1064 nm 
according to the literature. However, the peaks are not detected since it is blocked 
by RG1000 filter. 
 
 
Fig. 9.2   Spectrum of Nd: YAG laser. 
 
9.5.2 Stimulated Emission Cross Section at Different Temperature and 
Input Power 
 
The effects of temperature and input power into Nd:YAG crystal stimulated 
emission cross section was investigated in this experimental results. The cross 
section was estimated by measuring the linewidth. The stimulated emission cross 
sections at 1064 nm are obtained at fixed input power of 7.72 W. The stimulated 
emission cross section at variation temperature is presented in Fig. 9.3 which 
determined by using spectroscopic method from Equation 9.3. The emission cross 
section decreases with respect to the temperature at the rate of dσ/dT = - 0.1098  
10-19 cm2/°C. 
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Fig. 9.3   The stimulated emission cross section versus temperature. 
 
Typical spectra of fundamental line induced by diode pumped Nd: YAG laser at 
different pumping current while temperature remains constant at room 
temperature of 25°C are shown in Fig. 9.4. The emission line has Lorentzian 
lineshape function which indicates the homogeneous broadening. The major line 
is from laser transition of 1064 nm. The spectrum tends to be broadening with the 
increasing of pumping current. The stimulated emission cross section is estimated 
by measuring the linewidth from each of the spectrum at different input powers. 
 
 
 
Fig. 9.4   Spectrum of fundamental line of 1064 nm at constant temperature of 
25°C for different pumping current including; (a) 15 A (b) 16 A (c) 17 A (d) 18 A 
(e) 19 A (f) 20 A. 
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The emission cross section was investigated by manipulating the input current 
from 15A to 20A at the constant temperature of 25 °C. The emission cross section 
as a function of the input power is illustrated in Fig. 9.5. The Nd: YAG emission 
cross section inversely proportional to the input power. The rate of decreasing is             
d/dEin = -1.1808 x 10-19 cm2/W. 
 
 
Fig. 9.5   The stimulated emission cross section versus pump power. 
 
 
Fig. 9.3 and Fig. 9.5 indicate that the production of photon flux at 1064 nm is 
decreasing with respect to the temperature and pump power. This shows that the 
linewidth become broaden as the temperature increase. The mechanism attribute 
to the linewidth broadening is the interaction of the atom with the photons in the 
crystal lattice. When the neodymium ion is placed in a crystalline, direct 
radiationless transitions and ion-ion interactions can shorten the lifetime of the 
energy levels and thus broaden the spectral lines. Linewidth have a very close 
relation to the laser transition due to the phonon scattering. Lifetime of radiation is 
inversely proportional to the Einstein coefficient. So, when the lifetime is 
decreased Einstein coefficient will increase. As a result, the linewidth become 
broaden. 
 
 
9.5.3 Laser Performance at Various temperatures 
 
Fig. 9.6 shows the linear relationship between the output and input of the 
Nd:YAG laser radiation pumped by diode laser. From the figure, the threshold 
power and slope efficiency were obtained at different crystal temperature as 
summarized in     Table 9.1. The linear relationship of the experimental results 
agreed with the theoretical of from Bass et.al whereby the output power is 
proportional to the input power [7]. The higher the input power produced higher 
output power.  
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Fig. 9.6   Nd: YAG laser pumped by diode performance at temperature. 
 
 
 
Table 9.1   Slope efficiency and threshold power at different temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
  
The threshold increase linearly with the temperature as illustrated in Fig. 9.7. The 
result obtained in well agreement with other researcher [9]. The average dEth/dT is 
0.025W/°C. This means, the higher the temperature the more difficult to get 
lasing. It needs higher pumping power to overcome the losses and start lasing. The 
threshold power increases as the temperature increases. The higher the 
temperature the more phonon generated rather than photon. The phonon-photon 
interaction is one of the reason that resistance for lasing and required higher input 
to overcome the losses.  
 
Temperature (°C) Slope efficiency Threshold Power (W) 
20 4.9 3.918 
25 5.1 4.157 
30 5.2 4.442 
35 5.0 4.480 
40 4.9 4.653 
45 4.8 4.667 
50 4.5 4.844 
55 4.3 4.837 
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Fig. 9.7   The threshold power versus the temperature. 
 
Fig. 9.8 shows the conversion efficiency as function of temperature. The 
conversion efficiency slightly decreased with temperature. This mean the 
efficiency of laser become less as the temperature increases. The fact that, 
temperature always relate with vibration of crystal lattice or phonon behavior.  
Once the temperature increase meaning the vibration or phonon –phonon or 
phonon-photon interaction involve, which resistance the emission during laser 
transition. As a result, less production of emission produced due to resistance of 
phonon or crystal lattice vibration as the temperature increase.  
 
Thermal effect also subjects to thermal loading on the crystal which leads to cause 
thermal lensing. Thermal lensing not only affects the quantity of the output but 
also the quality of the beam. Substantially, cooling system is crucial in order to 
stabilize the quality and the quantity of the laser out.  Therefore, the increases of 
temperature, really do affect the conversion efficiency of the laser.  
 
Hence, thermal effects detrimental to the laser performance. Laser performance is 
quantified based on its conversion efficiency as well as the threshold power. The 
best performance is identified when the threshold power needed to start the laser 
is low and producing high conversion efficiency. But for the case high 
temperature, the result is reversed. Whereby, the laser performance is low due to 
high requirement of the threshold power to start lasing but yet generating 
relatively quite low conversion efficiency.  
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Fig. 9.8   The slope efficiency of the graph versus the temperature. 
 
 
9.6 CONCLUSIONS 
 
The performance of gain medium at different temperature has been studied. The 
temperature of the gain medium is varied from 20 to 55 C in order to estimate the 
stimulated emission cross section and laser performance through variable 
temperature. The emission cross section decreases with respect to the temperature 
at the rate of dσ/dT = - 0.0178 x 10-22m2/°C. The emission cross section was 
investigated by manipulating the input current from 15 to 20 A at the constant 
temperature of 25 °C. The Nd: YAG emission cross section inversely proportional 
to the input power. The rate of decreasing is d/dEin = -1.1808 x 10-19 cm2/W. 
 
The laser performance at various temperatures was also investigated.  The laser 
has a linear trend. The higher the input power the laser produced higher output 
power. The threshold power was found linearly increases with the temperature. 
The average of the threshold power dEth/dT is 0.025W/°C. However, the 
conversion efficiency is found slightly decreased with temperature. This mean the 
efficiency of laser become less as the temperature increases. The phonon 
interaction and thermal loading are among the reason that responsible to degrade 
the laser performance as the temperature increases. 
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10.1 INTRODUCTION 
 
Half of 2018 Nobel Prize in Physics was awarded to Arthur Ashkin for his work 
on optical tweezers (OT) and their application to biological systems. OT works 
based on the used of focused laser on a microparticle being hold invasively without 
mechanical contact. This allows scientists to manipulate and study either a single 
or a system of multi-particles at microlevel scale.  
 
OT invention can be traced back to the experimental realization of radiation 
pressure on transparent dielectric microsphere with visible continuous laser [1]. It 
was observed that the microspheres was pushed away in the direction of the laser 
beam and can be stopped by another counter propagating beam. By proper 
adjustment of laser parameters and system environment, the microsphere can be 
optically trapped and manipulated. This led to the idea of atomic cooling using 
laser light. In 1997, Nobel Prize for Physics was awarded to Steven Chu, Claude 
Cohen-Tannoudji and William D. Phillips 1997 for the development of methods to 
cool and trap atoms with laser light [2]. Early optical trapping experiments utilized 
more than one laser to manipulate the object of interest. It is not until 1986, when 
optical trapping was shown possible using just a single focused laser, which was 
later known as optical tweezers [3] . 
 
This chapter is intended to give an overview about the working principles of the 
OT and its basic experimental setup. This is to provide an essential background to 
those who are interested to involve with OT applications. 
 
 
10.2 BASIC PRINCIPLE 
 
When light is incident on an object, it exerts force called radiation pressure. This 
optical force, F , can be estimated by, 
  
F = 2q
P
c
       (10.1) 
 
where P  is the light power, c  is the speed of light in vacuum and q  is the quality 
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factor. q  depends on the reflectivity of the object surface, where q =1 for an ideal 
reflector. For instance, a laser of 5 mW exerts about 0.15 pN (for q = 0.5). This 
tiny amount of force could not give appreciable mechanical effect on a normal size 
tennis ball. However, for microparticle such colloidal particle and biological cells 
(weight range in subpiconewtons), this amount of radiation pressure will able to 
control their motion.  
 
Generally, the tweezing mechanism of an OT can be explained by two regimes. 
This depends on the size of the trapped object and the used laser wavelength.  For 
the laser wavelength larger than the object diameter ( l > d ), ray optics 
approximation is a feasible tool to for the tweezing mechanics (Mie regime). For 
(l < d), electric dipole approximation is more useful (Rayleigh regime). It is worth 
noted that several computer simulations have been developed to visualize forces 
distribution vectors in OT [4].    
 
 
10.2.1 Ray optics approximation, l > d  
 
In Mie-regime, rays entering the particle being trapped represent light beam. At 
first, consider a transparent dielectric particle ( n
1
) of higher index of refraction 
then it’s surrounding ( n
2
). The trapping force is induced due to the change of 
light momentum before and after leaving the particle.  
 
 
 
 
Fig. 10.1   (a) Ray description in a trapped particle for the same ray intensities.  
(b) Net momentum on the particle.  
 
 
Fig. 10.1(a) illustrates a particle at the spot of a focused Gaussian beam. R
1
and 
R
2
are two rays of the same intensity entering the particle with centre O at the 
same symmetrical angle relative to beam propagation axis. These momentum 
carried rays refract at two interfaces and leave the particle as R
1
'and R
2
' , 
respectively. While assuming no loss during the light propagation, the changes of 
momentum of the ray are and . Note that and 
  
 
R
1
 
R
2
'  
 
 
 
R
1
'  
R
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O  
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represent the momentum of R
1
'and R
1
, respectively. The same is true for the 
other set of ray. The change of momentum of the ray is transferred to the particle. 
To conserve the total momentum of the system, the change of momentum of the 
particle is of the same magnitude but opposite to the rays ( and 
). The net rate change of momentum of the particles give rise to an 
optical force pushing the particle upward as shown by the green arrow, 
 as illustrated in Fig. 10.1(b) . If pointO is above point 
S , the particle can be shown to be pulled down back to the beam centre. Thus, the 
particle is always being attracted to the beam centre whenever it is displaced due 
to external thermal forces. One can deduct the cumulative contribution of light 
distribution along horizontal cross section of the particle to the total optical force 
on the particle along beam propagation axis. 
 
Optical force also can acts in the other direction as well. Fig. 10.2 illustrates how 
this can occur. Consider two rays of the beam where ray R
1
is less intense 
than R
2
due to intensity variation in along the cross section of the light beam. 
Similar to the previous analysis, it can be shown that the particle experiences a net 
pushing optical force to the right. If the particle centre O is to the right of the 
beam centre, it will be pushed back to the beam center.  
 
From Fig. 10.1 and Fig. 10.2, it can be understood that the particle is always kept 
at the highest intensity beam area. The optical force, which acts due to the 
intensity variation, is call gradient force, F
g
. The force acts in all direction toward 
the particle.  
 
 
 
 
 
 
(a)      (b) 
Fig. 10.2 (a) Ray description in a trapped particle for different ray intensities. (b) 
Net momentum on the particle. 
 
So far, no reflection is taken into account in the analysis of trapping mechanism. 
The light beam will give a push to the particle due to accounted reflection as 
expected from Equation 10.1. The particles itself absorb the some amount of light 
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energy causing the loss in momentum transfer. Both reflection and absorption give 
rise to another optical force known as scattering force, F
s
. The scattering force 
tends to push the particle away from the beam. Ideally, in order to get stable 
particle tweezing ( F
net
= 0), F
g
 must be made greater than F
s
 by tightly focusing 
beam on the particle.  Equation 10.2 simply expresses the condition for stable 
optical tweezers. 
 
      (10.2) 
 
In the ideal case of tweezing, the initial laser power, Pdecreases due to the 
reflection at particle-surrounding interfaces. F
g
 and F
s
 also depend on angle of 
incident, q
i
, and angle of refraction, q
i
,  as expressed by the following equations,  
 
F
s
=
n
1
P
c
1+ rsin 2q
i( )- t
2
cos 2q
i
-2q
r( )+ rsin 2qi( )
1+ t2 +2rcos 2q
r( )
é
ë
ê
ê
ù
û
ú
ú
    (10.3) 
   
F
s
=
n
1
P
c
1+Rcos 2q
i( )- t
2
cos 2q
i
-2q
r( )+ rsin 2qi( )
1+ t2 +2rcos 2q
r( )
é
ë
ê
ê
ù
û
ú
ú
    (10.4) 
  
where q
i
 and q
i
 are the Fresnel coefficients of reflection and refraction, 
respectively. From this Equation 10.3 and Equation 10.4, increasing laser power 
will increase both F
g
 and F
s
. Thus, it is important to have highly focused laser in 
order for F
g
 to overcome F
s
. 
 
 
10.2.2 Electric Dipole Approximation, l < d  
 
When the trapped particle is smaller than the laser wavelength, the particle is 
assumed to approximate an electric dipole. The dipole oscillates harmonically in 
time following the variation of the electric field of the laser. Similar in the 
previous ray optics approximation, scattering and gradient forces acts on the 
dipole.  
 
As the dipole oscillates, waves are scattered in all direction. This causes 
momentum transfer from the laser to the particle. The continuous momentum 
changes before and after waves scattering resulted in the net scattering force, 
which depends on the incident laser intensity [5]. 
 
F
s
r( )µ I r( )       (10.5) 
 
The polarization, , is induced on the dipole-like particle which depends on 
the polarizability of the particle, a ,  and the applied electric field, . Gradient 
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force arises due to the interaction of the dipole with the electric field. Thus, F
g
 is 
proportional to the gradient of the laser intensity as follows [5].  
 
     F
g
r( )µÑI r( )       (10.6) 
 
From Equation 10.5 and Equation 10.6, it is clear that increasing power will 
scattering force. However, tightening the laser focus will increase intensity 
gradient and produce stronger gradient force for to overcome the scattering force. 
 
 
10.2.3 Mass Spring Model 
 
For a stable tweezing, the net force acting on the particle must be always kept at 
the lowest. The temporal displacement of the particle within the laser focus can be 
modelled using a mass-spring system as illustrated in Fig. 10.3. The combined 
effect of  and  is analogical to the restoring force in the Hookean spring 
system. The slight displacement deviation from the laser focus ( ), the restoring 
force, , is proportional to the displacement of the particles.   
 
      (10.7) 
  
 
where k  is known as optical stiffness of the OT. 
 
Optical stiffness can take different values with respect to particular axis in a 
Cartesian coordinates. For example, if the optical stiffness along x -axis is larger 
than y-axis, it implies than the optical tweezers is not isotropically strong in 
xyplane, lateral side. The same magnitude of lateral optical force at these axes 
displaced the particle more in y-axis than x -axis. Optical stiffness characterizes 
the strength of the optical tweezers. The correct calibration of OT requires the 
determination of k for force measurement applications. 
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Fig. 10.3   Mass-spring model of the OT. 
10.3 EXPERIMENTAL REQUIREMENT 
 
The main idea of the OT is trapped a particle trapped using light. Once being 
trapped, the particle can be manipulated and studied in various scientific 
investigations. For a stable trap, the net force on the particle must be minimized. 
That is, not only radiation forces ( F
g
 and F
s
) are in balance but also other forces 
such as thermal forces are minimized. However, for simplify explanation, only 
radiation pressures are considered in this article. 
 
 
   
(a)    (b) 
 
Fig. 10.4   (a) Basic OT system. (b) typical OT setup. 
 
 
 
 
x  
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Fig. 10.4(a) shows the schematic of basic OT system. A basic system requires a 
laser source, an objective lens, sample and a detector. The detail of each 
component depends on specific application. Objective lens focuses laser light on 
the sample. A detector such as CCD camera might be used to observation of the 
particle tweezing events. One may use a quadrant photo diode to conform the 
tweezing event.  
 
Fig. 10.4(b) shows more detail and typical OT setup [6]. A laser source is 
undergoing optical conditioning before enter an objective lens. Current 
development in laser technology enable the miniaturization of the setup such 
using laser diode and fibre laser to easily guide the laser to the sample target.  
Objective of high numerical aperture is required to tightly focus the laser to the 
sample. For precise sample control in nanometer resolution, the sample holder 
might be positioned on a piezostage. The sample is illuminated and imaged by a 
camera. The piezostage and the detector are computerized by either using custom 
made program or bundle software [7]. 
 
The following criteria have to be taken into consideration, which can be 
categorised into laser and particle conditions as tabulated in Table 10.1. These 
conditions affect the stability of the trapping keeping the balance between 
scattering and gradient forces on the particle.  
 
 
Table 10.1 Conditions for a stable tweezing. 
Laser  Particle 
 laser wavelength 
 laser power 
 optical alignment 
 relative refractive index between 
the particle and its surrounding 
 particle size 
 particle shape 
 optical properties of the particle 
and the environment 
 
The establishment of OT system depends on the purpose of an experiment. 
Biological samples are usually trapped in a specific liquid, not necessarily water, 
where it is best kept alive. An optical tweezers has been already showed in 
capable of trapping a particle in a free space as well [8]. 
 
Typical laser wavelength is in the infrared region for biological samples since the 
light absorption in water is small enough to damage the samples. Infrared laser of 
several hundred miliwatts is enough to tweeze several microorganisms. However, 
one must take of the numerical aperture of the used objective. Oil immersion 
objective give highest possible NA = 1.40 which is good for producing high 
gradient laser intensity at the focus. However, it's short working distance causes 
the limitation of manipulation freedom in axial direction. A series of optical 
elements such as filter, beam expander and dichroic mirror are necessary to 
sustain laser quality during the particle tweezing. 
 
Optical tweezing becomes stronger if the index of refraction of the particle is 
relatively higher than it surrounding. From previous explanation in Fig. 10.1 and 
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Fig. 10.2, rays bends further if the difference in index of refraction between 
bordered mediums is large.  The particle size and geometry are also important. 
Very large particle ( d > 3 l ) may not be trapped due to high inertia and smaller 
angle of refraction (less curved surfaces). While trapping of small particle 
including macromolecules has been reported, special detection techniques are 
required to observe the tweezing because of the diffraction limited resolution of 
common objective lens [9].  
 
 
10.3.1 Force calibration 
 
In some applications, OT is just use to hold a delicate microparticle. However, for 
force-related experiments, it is necessary to calibrate the OT. Calibration process 
involves the determination of the k  value. Thus, any observable displacement of 
the particle in the optical trap can be translated into force information. 
 
 
There are several common calibration methods for the calibration depending on 
the measurement resolution requirement and available experimental support. Here, 
three calibration methods will be described; drag force method (DF), Boltzmann 
statistics method (BS) and power spectrum roll-off method (PSD) [7]. Previous 
researchers showed that the PSD was the most reliable technique known up until 
now [10], [11].   
 
In the DF method, an the trapped particle is made to move relative to its medium. 
The particle of radius rexperiences Stoke's drag force, 
 
F
D
= 6phrv      (10.8) 
   
where h and v  are medium viscosity and relative particle-medium speed, 
respectively. By balancing Equation 10.7 and Equation 10.8 in particular direction 
(i.e. displacement x  along x -axis) , the optical stiffness is obtained as 
 
k =
6phrv
x
    (10.9) 
 
Two common techniques can be applied to create the relative particle-medium 
motion. The first one is to flow the medium at known speed. This can be realized 
by preparing microfluidic channel and externally pumping the medium through it. 
The second technique is to move the sample stage, usually using a piezostage 
system.   
  
In BS method, the variance of displacement distribution is acquired for 
calculation. DF method is particularly useful for the small displacement range. 
Since the OT is approximated as a simple harmonic oscillator, the potential energy 
of the system is given as, 
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U =
1
2
ks 2; s 2 =
1
N
x
i
- x( )
i=1
N
å
2
  (10.10) 
 
The displacement fluctuation of the particle is due to the thermal energy obtained 
from the environment, given in one degree of freedom as 
 
E =
1
2
k
B
T      (10.11) 
 
where k
B
 and T  are Boltzmann constant and medium temperature, respectively. 
By equating Equation 10.10 and Equation 10.11, the optical stiffness is obtained 
as, 
 
k =
k
B
T
s 2
    (10.12) 
 
 
Fig. 10.5   Snapshot of power spectrum analysis program. 
 
In PSD method, the power spectrum of the particle displacement is required. 
Compared with the previous two methods, actual particle displacement in the unit 
of length is not required. The particle displacement information in the form of 
fluctuating voltage signal from QPD is just enough. The power spectrum in V2s is 
given as, 
  
S f( ) =
k
B
T
p 2b 2 f 2 + f
c
2( )
; b = 6phr   (10.13) 
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where the corner frequency of the spectrum, f
c
 is related to the optical stiffness 
as, 
 
f
c
=
k
2pb
    (10.14) 
 
Fig. 10.5 shows an example of power spectrum obtained from a trapped 3 micron 
polystyrene bead using infrared laser in water [7]. A custom made program was 
built to fit the spectrum in order to get the corner frequency.   
 
 
10.4 APPLICATIONS 
 
OT was used in many biological applications because of its wide advantages. OT 
are feasible tools that applicable to handle single cells, organelles and molecules 
without contacting the sample physically to minimize damaging and 
contaminating the sample. Due to the heat absorption, biological samples are in a 
risk to be damaged when the trapping laser is exerted onto them. However with 
fair parameter setting in power intensity, wavelength of the laser and duration of 
the trapping, biological sample can be trapped with minimal risk [12] [13] [14]. 
By using OT, researchers could determine the values of the small exert forces with 
nanometre precision [12].  
 
OT applications were applied in various science field such as in microfluidics, 
dynamics molecular motor, alignment in microscopic, and sorting colloidal 
[15][16][17][18]. The questions of physical fundamental can be answered in OT 
research which include the direct observation of angular momentum, and the 
interaction of light-matter [19][20]. Recently, OT is not only limited to single 
particle tweezing, but extended to a multiple particles system such as 
nanoparticles, colloids and assemblies [9]. 
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11.1 INTRODUCTION 
 
The unbounded consumption of non-renewable energy such as fossil fuels has 
caused the severe energy crisis in every country, thus the utilization of renewable 
energy mainly described as hydroelectric power, solar power and geothermal 
power have becoming as the alternative in generating power continuously. In this 
study, solar cells or photovoltaic cells have been introduced as an alternate device 
to produce electrical power. Solar cell comprises mainly to two types, in form of 
Si or based on cadmium telluride (CdTe) and CIGS [1].  
 
The consideration in selecting material for metal contact need to be satisfied in 
fabricating a very high quality back contact thin film layer in CIGS-based solar 
cell. It has become as a requirement to be unreactive with adjoining CIGS 
absorber layer to avoid degradation of the absorber and achieve reproducibility 
during manufacturing process. However, this requirement has a significant 
challengers in view of the erodent environment during the growth of CIGS layer. 
Many type of metals such as silver (Ag), aurum (Au) [2], molybdenum (Mo) [3] 
and palladium (Pd) are chosen in performing back contact for CIGS-based solar 
cells. 
 
However, among all of the materials, molybdenum metal contact attracted 
scientists and engineers due to its stability and strength to withstand in elevated 
temperature. Mo is the most befitted materials for back contact in CIGS-based 
solar cell and a material used TFT-LCD as Mo has high conductivity and hence 
the resistivity of the material is low [4]. 
 
High possibility for any impurities to diffuse inside the CIGS absorber layer if the 
selection of metal used for back contact layer not explored thoroughly. Mo is the 
most favorable choice for back contact layer in CIGS-based solar cell to hinder 
from any contamination as it has unique properties of highly adhesive, low 
resistivity and good optical reflectivity [5]. In previous study, the resistivity of Mo 
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is relatively smaller than 1×10-4 Ω-cm and the contact resistance obtained is 
around 0.3 Ωcm2 when deposit the Mo as a back contact layer in CIGS- based 
solar cell [6].  
 
Previously, Mo thin film have been deposited on different type of substrates 
whether onto elemental semiconductor substrates, Si or compound substrates, such 
as gallium nitride (GaN), gallium arsenide (GaAs) and gallium phosphide (GaP) 
[7-8]. Generally, Si substrates are highly suitable requirement for the underlying 
layer of metal contact in every optoelectronic devices with the band gap of 1.12 
eV and Si operates with adequate thermal conductivity that enable to maximize 
the heat generated in the chips [9].  
 
Meanwhile, Mo thin films have been deposited by different deposition technique 
in purpose to create Ohmic contact. The process can be done by thermal 
evaporation, electron beam evaporation, metal-organic chemical vapour deposition 
(MOCVD) and sputtering and among that, magnetron sputtering is the most 
common technique and widely used in the field of industry and research to deposit 
the Mo thin film as it is very easy to handle. DC magnetron sputtering has many 
advantages which includes uniform good adhesion and scalability. The properties 
and crystal structure of sputter deposited Mo thin films are significantly affected 
by the various process parameters like substrates temperature, deposition power, 
working pressure and deposition time [10]. 
 
Therefore, optimized parameters such as deposition time, thickness of thin films 
and addition of buffer layer such as Cr are necessary for achieving high efficiency 
optoelectronic devices. Cr buffer layer plays as important role to reduce the cost of 
CIGS-based solar cell because Cr can provide good adhesion and low resistivity 
even at minimum thickness of Mo thin films [6]. Hence, the deposition parameter 
as thickness of Mo thin films and deposition time have been extensively 
investigated to obtain results in form of electrical data, surface morphological data 
and optical data.  
 
 
11.2   THEORY OF METAL-SEMICONDUCTOR 
 
It is necessary for semiconductor devices or integrated circuits to make contact 
with other metal or metal oxide to allow current flow throughout the devices. This 
contact has two different types: (1) made through non rectifying metal-
semiconductor junctions or known as Ohmic contacts and (2) rectifying metal-
semiconductor contact known as Schottky contacts [7].  
 
Schottky diode has current-voltage (I-V) characteristics similar to P-N junction, 
but Schottky diode is a majority carrier which makes the Schottky diode suitable 
for fast switching applications and has low voltage drop [8]. Meanwhile, Ohmic 
contacts have linear current-voltage characteristics which enable the 
semiconductor devices to be contacted by metal conductors or metal oxides [9].  
 
For rectifying contacts (Schottky contacts), Fig. 11.1 and Fig. 11.2 below show the 
schematic energy band diagram of metal and n-type semiconductor (a) before 
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contact and (b) after contact [10]. There are several parameters involved in 
Schottky barrier diode such as the metal work function (Φm), semiconductor work 
function (Φs), electron affinity (χ), potential barrier (ΦBO) and the built in voltage 
(Vbi) [8].  
 
The term work function can be defined for both metal and semiconductor. Φm is 
the energy (work) needed to remove the electron at the Fermi level (EF) from the 
metal. χ is  the electron affinity where the energy gained by moving the electron 
from the vacuum level to the conduction band in the semiconductor. Meanwhile, 
ΦBO can be seen after contact which obtained from the potential barrier formed by 
electrons in the metal trying to move into the semiconductor. Vbi is built-in 
potential barrier seen by the electrons in the conduction band trying to move into 
the metal [8]. 
 
Before contact, Fermi level (EF) of n-type semiconductor higher than EF of metal. 
EF can be aligned and constant throughout the system in thermal equilibrium as 
the electrons from the semiconductor flow into the lower energy states in the metal 
[8]. The electrons leave behind the positive charges which then creating a space 
charge region.   
 
 
 
Fig. 11.1   Illustration of separated n-type semiconductor and metal. 
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Fig. 11.2   Metal-semiconductor contact in thermal equilibrium (Φm > Φs) 
 
Several effects alter the actual Schottky barrier height including Schottky effect 
and interface states [11]. Schottky effect or known as image-force-induced 
lowering take place due to electron potential with electric field that lowers the 
potential barrier. It is an image charges build up in the metal electrode as carriers 
approach the metal-semiconductor interface [8]. Schottky barrier lowering (ΔΦ) 
and the position of maximum barrier (xm) can be determined through the Equation 
11.1 and 11.2 [11] and can be illustrated by the Fig. 11.3 below,  
 
 
 
  
 
 
Fig. 11.3   Energy band diagram of Schottky (image-lowering) effect at the metal-
vacuum interface in the presence of an applied field. 
(11.1) 
(11.2) 
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In addition, surface states are electronic states found at the interface of materials. 
Surface states are formed due to the sharp transition from solid material that ends 
with a surface and found only at the atom layers closest to the surface which later 
can dominate the properties of the devices. This effect may lead to the change of 
electronic band structure from bulk material to the vacuum [51]. 
 
An Ohmic contact can be created through altering the Schottky contact. An Ohmic 
contact is a low resistance junction providing conduction in both directions 
between the metal and the semiconductor [54]. Low-resistance, stable Ohmic 
contacts to semiconductors are critical for the performance and reliability of 
semiconductor devices, and their preparation and characterization are major 
efforts in circuit fabrication. Poorly prepared junctions to semiconductors can 
easily show rectifying behaviour by causing depletion of the semiconductor near 
the junction, rendering the device useless by blocking the flow of charge between 
those devices and the external circuitry [54]. 
 
 
11.3    METHODOLOGY 
 
Before sputtering process, the substrates samples, n-type Si substrates was cut into 
6 pieces of samples with the dimension of 1 cm2 and followed by cutting the same 
number of glass samples with dimension of 1.5 cm × 2.0 cm. Both of substrates 
surface need to be chemically cleaned to remove from any contaminations. For Si 
substrates, the samples were immersed in an acetone solution in the beaker and 
were heated to 50ºC - 55ºC for about five minutes and glass samples used Decon-
90 solution as the cleaning agent to free the surface from any impurities.  
 
Mo metal was deposited onto Si and glass substrate by using DC magnetron 
sputtering at room temperature. The glass was used in conjunction with the Si 
samples in order to examine the optical reflectivity of Mo. Moreover, the 
thickness of the Mo thin film (99.99% purity) that will be sputtered on top of the 
Cr coating were varied from 20 nm to 120 nm. Thickness of Cr target was fixed to 
5 nm. The sputtering parameters for the deposition of thin films are given in Table 
11.1.  
 
Table 11.1   Deposition parameters for the Mo prepared thin films. 
 
 Cr Mo 
Sputtering rate (nm/min) 3 4 
Sputtering time 1.67 25 
Base vacuum 
( ×10-4 mBar) 
8  0.9 
Plasma vacuum 
(×10-2 mBar) 
1  1  
Thickness (nm) 5 100 
Density (g/cm3) 7.19 10.2 
Current (mA) 120 120 
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The electrical characteristics in terms of resistivity, sheet resistance and 
conductivity were investigated by using four point probe measurement system, 
surface morphological of the Mo deposited films were analysed by using AFM 
operated in tapping mode. Meanwhile, the optical properties mainly the optical 
reflectance, optical transmittance and optical absorbance of the deposited films on 
substrates was performed by using UV-Vis Spectroscopy within visible range of 
400 nm to 700 nm.   
 
 
11.4    RESULTS AND DISCUSSION 
 
Electrical properties of Mo thin films 
 
The electrical characteristics in terms of resistivity, sheet resistance and 
conductivity were illustrated in Table 11.2 below. To form a low resistivity Ohmic 
contact, the deposition parameter such as thickness parameter, deposition time and 
also the addition of Cr buffer layer act as the contributing factors and need to be 
considered. The highest value of resistivity measured for Si is at the thickness of 
20 nm exhibit resistivity value of 1.61 × 10-3 Ω-cm and the lowest value recorded 
is at the thickness of 120 nm with resistivity of 2.67 × 10-4 Ω-cm.  
 
Table 11.2   Electrical data of deposited Mo films at different thickness 
Thickness (nm) 
Mo deposited on Cr on Si substrates  
Resistivity, ρ 
 (× 10-4 Ω-cm) 
Sheet Resistance, Rs 
 ( × 102 Ω/sq) 
Conductivity, σ  
(× 103 Ωcm)-1 
20 16.10 1.39 0.62 
40 13.90 1.37 0.72 
60 10.90 1.35 0.92 
80 7.91 1.33 1.26 
100 5.30 1.32 1.89 
120 2.67 1.31 3.75 
 
 
The resistivity and sheet resistance of sputtered Mo thin films decreased with the 
increase of thickness. An observation proved the decrement in resistivity with 
increase in thickness [6]. The changes of resistivity value also were attributed at a 
higher deposition times. It can be relate that higher thickness of samples need 
higher deposition times to be deposited on the substrates. The deposition rate to 
deposit Mo on Cr on Si substrate was recorded at 4 nm/min. The addition of Cr 
buffer layer indicates a low resistivity with the expanding thickness of Mo thin 
films.  
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Surface morphological properties of Mo thin films 
 
Further examinations on the deposited Mo thin films were performed to determine 
the surface effects on the electrical and optical properties. The surface topography 
of Mo thin film deposited onto Cr onto Si substrates exhibit a very smooth and 
uniform grain morphology of Mo thin films either with the presence of buffer 
layer or without buffer layer [6]. Fig. 11.4 shows the surface morphology in 3D 
images of deposited Mo films which show waviness surface structure. The 
smoothness of surface topography can be identified by examined the value of 
surface roughness 
 
Meanwhile, Fig. 11.5 shows the root-mean square (RMS) surface roughness for 
deposited Mo thin films onto Cr layer onto Si substrates scanned by AFM using 
tapping mode. The samples show the reducing RMS surface roughness as the 
thickness of Mo thin films were increased. The surface roughness of Mo thin films 
are reducing in function of increasing thickness from 21.43 nm, 17.78 nm, 12.15 
nm, 10.80 nm, 6.73 nm and 5.19 nm respectively.  
 
 
Fig. 11.4 Surface morphology of deposited Mo thin films at (a) 20 nm (b) 40 nm 
(c) 60 nm (d) 80 nm (e) 100 nm and (f) 120 nm.  
 
 
Optical properties of Mo thin films 
 
Experimentally, optical reflectance of Mo with Cr buffer layer at thickness of 20 
nm is 66.06% and were reduced to 40% in thickness of 40 nm. The results show 
the decrement in the optical reflectance as the thickness of deposited Mo film 
increased. The percent of optical reflectance in 60 nm deposited Mo film 
decreased to 34.41%. It is also being analysed in thickness of 80 nm, 100 nm and 
120 nm, the optical reflectance was reduced to 28.92%, 21.05% and 13.23% 
respectively. As thickness of deposited film became higher, the concentration of 
atoms also increased. Thicker film will forbid the light to pass through as more 
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absorption process occurred in thicker film and hence the optical reflectance is 
reduced.   
 
 
 
Fig. 11.5 Graph of surface roughness Rq against thickness of Mo thin film on 
substrates. 
 
 
11.5 SUMMARY 
 
Mo thin films have been successfully deposited on both Si substrates and glass 
substrates by DC magnetron sputtering. The effect of different thickness of Mo 
thin films with the addition of Cr buffer layer on electrical properties, surface 
morphological properties and optical properties have been investigated. The four 
point probes measurement show that it is possible to obtain low resistivity of Mo 
thin films by increasing the thickness parameter during process of deposition. The 
AFM results revealed the reducing value of surface roughness as well as the 
formation of waviness surface structure. Lastly, Mo thin films deposited at higher 
thickness are less reflective as more absorption process occurred inside the films. 
Therefore, examine again the optical characterization of deposited Mo thin films 
are most recommended. 
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12.1 INTRODUCTION 
 
Nanowires, nanowhiskers, nanobelts or in general, 1-dimensional (1D) 
semiconductor nanostructures have been the subject of intense research in the past 
few decades since the first attempts at understanding their growth mechanism by 
Wagner and Ellis in the 1960’s and Givargizov in the 1970’s [1], [2]. In the late 
1990s, the research expanded significantly to include not only interest towards the 
understanding of fundamental nanowire growth, but also exploration of their 
electronic and optical properties as well as for device applications [3]–[11]. As 
part of the still expanding effort in the field of semiconductor nanowire research, 
this chapter is focused on trying to understand the fundamental nanowire 
mechanisms, especially of the ternary compound semiconductor, indium gallium 
arsenide (InGaAs or InxGa1-xAs). The study covered in the chapter provides 
insight into the foundation of ternary compound semiconductor nanowire growth, 
which is highly tunable for various device high-speed electronic and 
optoelectronic devices including lasers, photodiodes and solar cells.  
 
 
12.2 TERNARY III-V SEMICONDUCTOR  
 
A wide range of semiconductor materials such as group IVs, III-Vs, II-Vs, oxides 
and II-Vs for nanowire growth have been investigated in the last decades [3], [4], 
[9], [15]. In particular, III-V materials have been of great interest due to their 
outstanding properties [3], [5], [11] . Extensive efforts have been dedicated to 
synthesizing and optimizing III-V nanowires because of their demonstrated 
superior optoelectronic properties, but efforts have focused largely to date on 
binaries and their heterostructures. Ternary III-V alloys such as InxGa1-xAs, 
InxGa1-xP, InAsxP1-x and GaAsxSb1-x on the other hand have not yet been explored 
as deeply as the binary nanowires despite of their ability to access a larger 
controllable range of bandgaps, which in turn provides more room for tunability of 
their optical emission/absorption. 
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Fig. 12.1 shows the common semiconductor bandgap versus lattice constant at 
room temperature, highlighting the line representing InxGa1-xAs alloys. As can be 
observed, InxGa1-xAs bandgap can be tuned from ~0.35 to 1.424 eV and the lattice 
constant varies between ~5.6 to above 6.0 Å.  
 
The lattice constant of InxGa1-xAs  given by Vergard’s Law  is, 
 
a = 6.0583 − 0.405 (1 − x)      (12.1) 
 
At room temperature (300 K) the dependency of the energy gap on the In content 
x can be calculated using an equation given by [13] as follows, 
 
    Eg(x) = 1.425 – (1.501) x + (2 0.436) x2 eV    (12.2) 
 
 
 
Fig. 12.1   Band gap versus lattice constant diagram for the common 
semiconductor materials. Highlighted line represents InGaAs while the vertical 
line across InP shows the lattice matched condition of In0.53Ga0.47As to InP. 
 
 
12.3 TERNARY III-V SEMICONDUCTOR NANOWIRES  
 
Extensive efforts have been dedicated to synthesizing and optimizing III-V 
nanowires because of their demonstrated superior optoelectronic properties, but 
efforts have focused largely to date on binaries and their heterostructures. Ternary 
III-V alloys such as InxGa1-xAs, InxGa1-xP, InAsxP1-x and GaAsxSb1-x on the other 
hand have not yet been explored as deeply as the binary nanowires despite of their 
ability to access a larger controllable range of bandgaps, which in turn provides 
more room for tunability of their optical emission/absorption. 
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Contrary to binaries, where composition homogeneity is achieved simply by 
ensuring strict stoichiometry, easily accessible under a broad range of growth 
parameters, ternary nanowires suffer from intrinsic issues of composition 
inhomogeneity or variation over certain growth directions. Composition 
homogeneity is highly essential as a prerequisite to use III-V ternary nanowires in 
device applications. This is to avoid additional problems such as severe electron 
scattering [16], induced strain field or any other additional problem due to the 
alloy fluctuation in the crystal, such as alloy ordering affecting the bandgap of the 
material [17]. In addition to homogeneity, having control over the composition 
range is important as to be able to provide the range of properties afforded by the 
appropriate choice of alloy composition.  
 
For ternary alloy nanowires, tapering generally indicates composition 
inhomogeneity due to the difference of incorporation rate of each species axially 
and radially into the nanowire crystal. In particular, the compositional 
inhomogeneity in Au-seeded ternary nanowires is commonly found to be strongly 
correlated to the competition between vapour-liquid-solid (VLS) axial growth via 
the catalyst and vapour-solid (VS) radial growth on the nanowire sidewall [2]–[5]. 
A similar case has also been presented earlier in chapter 4 for the two-temperature 
growth mode. Minimal tapering and good composition homogeneity have been 
demonstrated by controlling the growth parameters such that the radial growth is 
limited and axial growth is enhanced [2], [3], [6]. 
 
Nevertheless, other common challenges encountered with many nanowires such as 
controlling the morphology and crystal structure of the nanowires are equally 
important and not avoidable for III-V ternary nanowires as shall be discussed later 
in this section. In fact, they are even more challenging as more consideration has 
to be taken into account for the alloy composition. Hence, there is still plenty of 
room for further understanding and optimizing ternary III-V nanowire growth for 
device applications.  
 
 
12.4 PHASE CONTROL AND COMPOSITION TUNABILITY OF 
INXGA1-XAS NANOWIRES 
 
12.4.1 Effect of growth temperature and V/III on morphology and growth 
rate 
 
Growth temperature can play a large role in the growth of nanowires affecting 
their morphology, growth rate and crystal structure [17]–[24]. Nanowire tapering 
in GaAs nanowire for an example has been shown to reduce particularly in the low 
growth temperature regime [17]. In combination with the growth temperature, low 
V/III ratios were also found to reduce tapering in InAs nanowire [18]. Tapering 
was found to be more critical in ternary nanowires since this can be responsible 
for a composition gradient along the nanowire axis [25]. Hence, this section 
focuses on the morphology of InxGa1-xAs nanowires grown with various 
combinations of growth temperature and V/III ratios.  Fig. 12.2 shows the 45°-
tilted SEM views of nanowires grown with two different V/III ratios (2.4 and 
40.0) as a function of growth temperature. This series illustrates the influence of 
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temperature and V/III ratio on the morphology and growth rate of the nanowires. 
First, consider the temperature series for nanowires grown at the high V/III ratio 
of 40, illustrated by the SEM images in Figure 12.2(a-d). All nanowires grown 
with this V/III ratio have a tapered morphology independent of growth 
temperature.  There is neither a significant change in morphology in the sample 
grown over the temperature range of 450 to 475°C, nor a difference in axial 
growth rate (Fig. 12.2 (a-b)). However, a significant increase in the radial growth 
rate and a concomitant drop in axial growth rate are observed when the growth 
temperature is increased to 500°C, leading to a much shorter and more tapered 
nanowires. At 525°C, this effect is further enhanced.  
 
Now, consider the same temperature series for a fixed lower V/III ratio of 2.4 (Fig. 
12.2(e-h)), more dramatic morphological changes are observed. Excluding a 
relatively large hexagonal pyramidal base, the nanowires are mostly non-tapered 
from 450°C (Fig. 12.2(e)) to 500°C (Fig. 12.2(g)). However, as growth 
temperature is increased to 525°C, the nanowires show similar features as those 
grown with a V/III ratio of 40.0 (Fig. 12.2(d)) where tapering and large parasitic 
growth on the surface are observed in the SEM image (Fig. 12.2(h)). In addition, 
the axial growth rate increases with temperature until 500°C, in clear contrast to 
the evolution discussed above for a higher V/III ratio. However, the axial growth 
rate decreases slightly at 525°C. From this set of study, uniform untapered 
nanowires are obtained with a combination of growth temperature of 500°C and 
V/III ratio of 2.4.  
 
 
Fig. 12.2  45°-tilted FESEM images of nanowires grown at various growth 
temperatures and V/III ratio of (a-d) 40.0 and (e-h) 2.4. The rough edges on the 
sidewall generally indicate crystal phase disorder. A combination of growth 
temperature of 500°C and V/III ratio of 2.4 is found to produce uniform untapered 
nanowires with smooth wall side facets. Scale bars represent 500 nm.  
 
 
The morphological evolution is understood in terms of the effect of growth 
temperature on the decomposition of TMGa and TMIn precursors. Indeed, at 
higher temperature, the pyrolysis of metal-organic (MO) precursors becomes more 
efficient, hence dramatically increasing the available adatom density. This, in turn, 
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increases supersaturation and lowers the adatom mobility which enhances radial 
growth, yielding the observed tapering of the nanowire sidewalls, together with 
some parasitic planar crystallization on the substrate. 
 
Finally, looking at the V/III ratio dependence of morphology and axial growth rate 
for the four different temperatures considered in this series, it is clear that a high 
V/III ratio favours tapering at all temperatures while a low V/III ratio reduces 
lateral growth and thus tapering in the moderate temperature range (450-500 °C). 
Very high growth temperature [525°C, (d);(h)] also enhances tapering independent 
of V/III ratio. However, comparing the length of nanowires between (a);(e), (b);(f) 
and (c);(g), the axial growth rate is clearly in a group V-limited regime for the low 
V/III ratio series (e)-(g) until 500°C. From a practical point of view, a temperature 
in the narrow range of 475-500 °C combined with the very low V/III ratio of 2.4 
seems to allow for nearly taper-free morphology and reasonable axial growth rate 
above the nucleation region close to the substrate, where a pyramidal base extends 
from the nanowire sidewalls to the substrate region. Such a low V/III ratio and low 
supersaturation regime is therefore experimentally observed to virtually suppress 
the driving force for radial growth. The fundamental reason for this behaviour will 
be discussed in the next section as the growth of the nanowires are related to their 
crystal structure. 
 
12.4.2 Effect of growth temperature and V/III ratio on crystal structure and 
composition 
 
To gain more insight into the evolution of the nanowires with growth temperature, 
investigations were carried out to determine the crystal structure and composition 
of tapered nanowires grown with a V/III ratio of 40.0 at growth temperatures of 
450 and 500°C. Shown in Fig. 12.3 is a typical InxGa1-xAs nanowire characteristic 
from an ensemble that was grown at 450°C with V/III ratio of 40. Nanowires 
grown in this regime have a tapered morphology and rough sidewalls suggesting 
crystal phase disorder [26] which is clearly observed in the SEM image of Fig. 
12.3(a). High-resolution transmission electron microscopy (HRTEM) image in 
Fig. 12.3(b) confirms that the nanowire has a high density of stacking faults. The 
inset shows the selected-area electron diffraction (SAED) pattern of the region. 
The nanowire is mainly ZB with twins and some WZ phase as can been observed 
in the HRTEM image accompanied by the streaking and spots seen in the SAED 
pattern. EDX measurements of this nanowire are presented in Fig. 12.3(c).  The 
EDX measurements were carried out in STEM mode and show that the 
composition along the nanowire is not uniform. In particular, higher In content is 
observed at the base. High-angle annular dark field (HAADF) images of the 
nanowire cross-section with a corresponding EDX cross-section map is shown in 
Fig. 12.3(d-g) and reveals that a spontaneous core-shell structure is formed with a 
higher In concentration in the shell than the core. These results are similar to those 
previously reported in [5], [27]. Kim et al. [27] attributed the higher In content in 
the shell to the difference of In and Ga diffusion lengths.  
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Fig. 12.3   (a) 45°-tilted FESEM view of nanowires grown at growth temperature 
of 450°C and a V/III ratio of 40.  (b) HRTEM image of the nanowire showing a 
mixed phase of zinc-blende with twins and wurtzite segments. The inset on the 
bottom left is the SAED pattern from the same nanowire. (c) HAADF image of a 
single nanowire with corresponding EDX line scan along the nanowire (d-g) The 
cross-section of a similar nanowire presented in HAADF image and EDX cross-
section mapping of Ga, In and the overlay of In and Ga showing a spontaneous 
formation of a core-shell structure with higher Ga concentration in the core.  
 
 
Interestingly a different situation is observed for nanowires grown at 500°C. Fig. 
12.4(a) shows a typical TEM image of the nanowire grown at 500°C with the 
same V/III ratio of 40.0. It shows that the crystal structure is ZB with random 
twinning and the composition gradient for the tapered nanowire in Fig. 12.4(b) is 
not as prominent as those grown at the lower growth temperature of 450°C in Fig. 
12.4. There is however, still a slight composition gradient, best illustrated by the 
In signal in the EDX linescan shown in Fig. 12.4(b). This reveals a rather different 
nanowire growth behaviour compared with the lower growth temperature shown 
in Fig. 12.4. In order to obtain a truly three-dimensional (3-D) map of the 
composition evolution, the cross-sections of the nanowires taken from the first 
micrometer from the base of the nanowires were analysed using the EDX 
mapping. Representative maps are shown in Fig. 12.4 (c-f). The Ga signal is 
uniform across the whole cross-section indicating that Ga is incorporated not only 
through the VLS mechanism (precipitated under the droplet at the droplet/crystal 
interface) but also via the VS mechanism on the sidewalls. This shows a clear 
suppression of the spontaneous core-shell structure formation with higher growth 
temperature.  
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Fig. 12.4   (a) HRTEM images of the first micrometer from the tip of the nanowire 
grown at 500°C with a V/III ratio of 40.0. The inset shows the corresponding 
SAED pattern (b) EDX line scan representing the composition distribution of each 
element along the nanowire. The image above the line scan is the dark field image 
of the corresponding nanowire lying on the TEM grid. (c-f) Cross-sectional 
HAADF image of a nanowire taken from the first micrometer from the base of the 
nanowire and the corresponding EDX maps of Ga, In.  
 
 
Two possible growth scenarios can be taken into account for the higher 
incorporation of Ga in the radial growth at this growth temperature. One is that 
there is a higher desorption rate of In at higher growth temperature as compared to 
Ga thereby allowing Ga to be more readily adsorbed at the nanowires sidewall. 
However this effect should be negligible in the (low) temperature range 
investigated in this study. The second mechanism is the increase of TMGa 
decomposition with temperature. It is known that TMIn decomposes completely at 
temperatures just below 400°C while TMGa decomposes completely at 
temperature around 475°C in H2 ambient [28]. Hence, when the temperature 
increases above 450°C, there is an increase in TMGa decomposition which 
contribute to a higher available Ga/In adatom ratio. This allows more Ga to be 
readily incorporated into the nanowire.  
 
To further investigate the effect of growth parameters on morphology, crystal 
structure and composition in this relatively high growth temperature regime, 
nanowires were grown at 500°C with varying V/III ratios between 1.4 and 20.0. 
The SEM images of these nanowires with various V/III ratios are shown in Fig. 
12.5 (a-e). At a V/III ratio of 1.4, nanowire growth is significantly impaired due to 
insufficient As to support nanowire growth. We observe nanowire growth at V/III 
of 2.4 onwards where tapering is found to increase as the V/III ratio increases. Fig. 
12.5 (f-h) shows the HR-TEM images of these nanowires for three V/III ratios and 
their corresponding EDX line scan along the nanowires. A gradual change of the 
crystal structure is observed from the low V/III ratio towards a higher ratio. At a 
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V/III ratio of 2.4, the nanowires have a pure WZ crystal structure but as the V/III 
ratio increases, more ZB segments or stacking faults appear. The HR-TEM images 
shown here were taken within the first micrometer segment below the nanoparticle 
that represents the typical structure of the whole nanowire. EDX compositional 
profile of the nanowires grown with different V/III ratios is shown on the right of 
Fig. 12.5(b-d). It is clear that the composition is uniform along each nanowire 
except for small fluctuations within the measurement error. Interestingly, the 
composition is tunable by varying the V/III ratio. The Ga compositions, XGa are 
approximately 0.30, 0.36 and 0.56 for nanowires grown with V/III ratio of 2.4, 5.0 
and 20.0, respectively. From the analysis of the EDX spectrum, the actual molar 
fraction of Ga in the nanowire is much lower than the molar ratio of Ga in vapour, 
Xv(Ga) = 0.70. The higher In content could be due to the greater affinity of In 
towards the Au seed and higher In surface adatoms mobility as compared to Ga 
[29]. The presence of In has also been found to reduce the solubility of Ga in the 
Au alloy particle [30]. The estimated Ga content using Vegard’s Law and the 
lattice constant measured from the diffraction pattern of the InxGa1-xAs nanowires 
grown with a V/III ratio of 2.4 is 0.26, which is close to the EDX result.  
 
 
12.4.3 Optical properties of WZ InxGa1-xAs /InP nanowire core-shell 
structures 
 
To investigate the optical quality of the uniform pure WZ phase InxGa1-xAs 
nanowires achieved in this chapter, an additional sample of 30 nm Au-seeded 
InxGa1-xAs nanowires with InP shell was grown to passivate the InxGa1-xAs 
surface states. The core nanowires were grown for 45 minutes at 500°C with V/III 
ratio of 2.4 and the InP shell was grown at 550°C with V/III ratio of 780 for 8 
minutes corresponding to about 10 nm in thickness. The structural properties of 
these nanowires are similar to the one shown in Fig. 12.5(f) which has a WZ 
phase. The nanowires also maintain a taper-free morphology with a small InP tip 
that overgrew axially during the growth of the InP shell. The composition of the 
core, is In0.65Ga0.35As as obtained by EDX measurement of the nanowire cross-
section shown in Fig. 12.6(b-c). The shell was observed to be rather uniform 
around the core as shown by the EDX mapping in Fig. 12.6(d-h). 
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Fig. 12.5   (a-e) 45°-tilted FESEM views of nanowires grown at 500°C with 
increasing V/III ratio from 1.4 to 40.0. Scale bars represent 500 nm (f-h) HRTEM 
images from the first micrometer from the tip of the nanowire grown at 500°C 
with V/III ratios of 2.4, 5.0 and 20.0, respectively. The inset shows the 
corresponding SAED pattern. On the right side of each TEM image is the EDX 
line scan representing the composition distribution along the nanowire with the 
dark field image of the corresponding nanowire lying on the TEM grid. From the 
EDX measurements, the Ga atomic percentage of the nanowires are found to be 
15, 18 and 28 corresponding to a Ga molar fraction, XGa of 0.30, 0.36 and 0.56 for 
nanowires grown with V/III ratio of 2.4, 5.0 and 20.0, respectively.    
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Fig. 12.6   (a) SEM image of InxGa1-xAs/InP core-shell nanowire grown at 500 °C 
and V/III ratio of 2.4 with InP shell grown at 550 °C. (b) HAADF image of the 
cross-section of the nanowire obtained from the middle region of the nanowire 
showing 10 nm InP shell surrounding InxGa1-xAs nanowire core. The crosses 
represent the spot where EDX measurement was carried out to determine the core 
composition. (c) the composition of the core as measured by spot analysis at the 
centre of the nanowire cross-section in (b). (d-g) EDX mapping of the cross-
section for each composition species (h) the overlay of the EDX maps for all 
composition species. 
 
The photoluminescence measurements were carried out on ensembles of 
nanowires spread on quartz substrate. The photoluminescence spectra measured at 
6 K are shown in Fig. 12.7.  
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Fig. 12.7   Photoluminescence spectra of ensemble of In0.65Ga0.35As nanowires and 
In0.65Ga0.35As /InP core-shell heterostructure nanowires measured at 6 K. 
 
 
Without the passivation, no significant PL peak was observed as shown in Fig. 
12.7 which clearly indicates that a passivation layer is required to suppress surface 
recombination. This is further supported when a single peak at 0.815 eV (1.54 µm) 
is clearly observed for the In0.65Ga0.35As /InP heterostructure. However, this peak 
is blue shifted from the expected value calculated for In0.65Ga0.35As (at 6 K the 
expected value is for unstrained ZB In0.65Ga0.35As is 0.696 eV (1.78 µm)), which 
is understood to be a combination of the larger bandgap of the WZ phase [31] and 
the compressive strain imposed by the InP shell to the InxGa1-xAs core. A blue 
shift purely due to WZ phase without strain effect for InxGa1-xAs and InAs can be 
on the order of 30-100 meV [32], [33]. An even higher blue shift can be caused by 
the compressive strain which has been reported to be larger in WZ phase [33]. 
However, it is difficult at present to differentiate between the shifts posed by the 
strain and the WZ phase as this also is very much dependent on the composition 
[34]. The broad PL linewidth, consistent with previous reports [7], [35] can also 
be due to the inhomogeneity of the strain along the nanowire and/or due to the 
small fluctuation of the composition, which is below the detection level of our 
EDX measurements.  
 
In conclusion, composition and phase tunability of InxGa1-xAs nanowires can be 
achieved via simple growth parameter control. Within the study, an optimum 
growth condition for acquiring pure wurtzite (WZ) phase, uniform and taper-free 
nanowires was found. The pure WZ phase nanowires capped with InP show 
luminescence properties around 1.54 μm wavelength close to the technologically 
important optical fibre telecommunication wavelength, which is promising for 
application in photodetectors and lasers. 
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13.1      FABRICATION TECHNIQUE OF ZnO 
 
A variety of techniques have been used to grow ZnO using physical vapor 
deposition such as pulsed laser deposition [1], magnetron sputtering [2], MBE [3] 
and ion-plating [4]. ZnO also has been grown using chemical deposition such as 
CVD [5], spray [6] and sol-gel method [5] will be critically discussed throughout 
this chapter. 
 
 
13.2 PHYSICAL VAPOR DEPOSITION 
 
In order to produce a thin film, thermodynamic, electromechanical and mechanical 
means were used. It tends to require a low-pressure vapor environment (vacuum 
chamber) to function properly. Most can be classified as physical vapor deposition 
(PVD). Since particles tend to follow a straight path, films deposited by physical 
means are commonly directional, rather than conformal as illustrated in the Fig. 
13.1. The examples of the physical deposition are such as sputtering, pulsed laser 
deposition, electron beam evaporation and electrohydrodynamic deposition [7].  
 
 
 
Fig. 13.1   Illustration of physical vapor deposition. 
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Polycrsytalline ZnO TFT fabricated by RF magnetron sputtering at room 
temperature with a bottom gate obtained a saturation mobility 27 cm2/Vs with 
optical transmission of 80% in the visible region [8]. M. Nakata et al. has reported 
the ZnO films fabricated by rf magnetron sputtering achieved field-effect mobility 
6.4 cm2 V-1·s-1 after thermal annealing was carried out in the furnace at 850 C in 
air ambient. And field-effect mobility achieved 12 cm2 V-1·s-1 when using 
excimer-laser-annealing. The transfer characteristics of the ZnO-TFTs have been 
found to improve with increasing thermal-annealing temperature due to the 
significant grain growth on polycrystalline ZnO with thermal annealing [9].  
 
S. Amirhaghi et al. has reported that ZnO grown by pulsed laser deposition at 
300C, has a featureless layers with a FWHM value for the (002) XRD reflection 
less than 0.18 and exhibiting an optical transmission higher than 80% in the 
visible region [10]. H. Agura has reported that ZnO films fabricated by pulsed 
laser deposition at substrate temperature 230C, so far obtained lowest resistivity 
of 8.54 × 10-5 Ωcm and transmittance of more than 88% in the visible region [11]. 
B. L. Zhu et al. has proved the post annealing treatment in air to the ZnO films 
deposited on glass substrates by pulsed laser deposition technique has change 
some properties of ZnO thin film, such as structural and optical properties [12].  
 
J. Nishii et al. has reported the ZnO epitaxial films grown by laser molecular-
beam epitaxy (MBE). The field-effect transistors with single-crystalline ZnO 
epitaxial films obtained field effect mobility ~40 cm2/Vs, higher than those 
typically observed for polycrystalline channel devices [13]. The highest mobility 
obtained with epitaxial n-type ZnO films grown by a laser molecular-beam epitaxy 
method was reported by T. Makino et al. with carrier concentration and mobility 
~1016 cm-3 and 440 cm2/Vs, respectively [3]. 
 
Eventhough the physical vapor deposition methods shows a promising result from 
ZnO films, physical vapor deposition also has disadvantages such as difficult to 
control stoichiometry, vacuum required, non-uniform ion bombardment, 
producible in small area, complicated set-up and expensive. 
 
The summarized properties of ZnO films obtained by physical vapor deposition 
method are tabulated in Table 13.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Optical Fiber Laser Technology: Series 1                                                2018                                                                 ISBN No.: 123456789     
________________________________________________________________________________________ 
143 
 
Table 13.1   Summarize of the properties of ZnO films grown by physical vapor 
deposition method. 
 
 
 
13.3 CHEMICAL DEPOSITION 
 
Chemical deposition is reactions which transform precursor into solid material, in 
the form of thin film or powder on the surface substrate. The deposition is tends to 
be conformal than directional. The chemical deposition is further can be 
categorized depends on the phase of the precursor used. 
 
Chemical Solution Deposition 
 
Liquid-phase precursor is used, typically organometallic powders dissolved in an 
organic solvent. This technique is able to produce stoichiometrically accurate 
crystalline phases. The well-known methods are sol-gel and spray method. Fig. 
13.2 shows the illustration of sol-gel and spray method. The sol-gel method is a 
convenient and has advantages as easier composition control, superior uniformity 
and can be fabricated in atmosphere pressure.  
 
 
Figure 13.2   Illustration of sol-gel and spray method. 
Deposition 
technique  
Deposition 
temperature 
[oC]  
Single-/  
poly-
crystal  
Mobility 
[cm2V-1s-1]  
Resistivity 
[Ωcm]  
Disadvantage  
Sputtering  RT  Poly- 
crystal  
27  - Difficult to 
control 
stoichiometry  
PLD  230 Poly- 
crysta 
20  8.54×10-5  Small area   
MBE 1000 Single- 
crystal 
440 - Complicated, 
expensive 
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C. Gumus et al. has reported the ZnO thin films prepared by spray pyrolysis 
technique on glass substrate at 400C using zinc acetate solution and air as a 
carrier gas. The films showed exhibit polycrystalline in nature with (002) 
preferential orientation. The films has direct band band gap ~3.27 eV with high 
transmittance over 90% in the visible region [6]. P. Nunes et al. has investigated 
the influence of the annealing conditions on the properties of ZnO films. The 
annealing treatment leads to substantial changes in the structural, electrical and 
optical characteristics of ZnO thin films. With annealing at 200C for 2 h in 
forming gas, it was possible to decrease the resistivity of the films by more than 3 
orders of magnitude (ρ = 5.2 × 10-2 Ωcm) and a high transmittance 86% [14]. B. 
Joseph et al. has reported the study of structural and electrical properties of ZnO 
films prepared by spray pyrolysis. ZnO films exhibited polycrystalline structure 
with resistivity 3.15 × 10-3 Ωcm along with high transmittance 98%. The 
preferential orientation is found to be sensitive to substrate temperature and 
solution concentration while the optical transmittance is found to increase with 
substrate temperature [15]. Substrate temperature dependence of ZnO films 
prepared by ultrasonic spray pyrolysis has been reported. The films grown at a 
substrate temperature of 350 – 450 C from a 0.03 M/l solution exhibited strong 
(002) orientation with a very smooth surface [16].  
 
Sol-gel processed n-type ZnO films fabricated using a high capacitance ion gel 
gate dielectric has been reported. ZnO TFTs were found to exhibit excellent 
electrical properties with mobility 13 cm2/Vs [5]. M. Wang et al. has investigated 
the effect of preheating and annealing temperatures on ZnO films characteristics 
[17]. The c-axis orientation is determined by both preheating and annealing 
temperature. They prepared qualified ZnO piezoelectric thin film with preheating 
at 400C for 10 min and annealing at 700C for 30 min [17]. A. M. P. Santos et al. 
has reported a highly c-axis oriented ZnO thin films were obtained at a low pre-
heating temperature (350C) with the spin-coating sol-gel technique [18]. This 
method has its own disadvantages such as difficult to control the films quality in 
large area, required high temperature and the sol solutions tends instable resulting 
the phase separation easily occur. Table 13.2 Summarize of the properties of ZnO 
films grown by chemical solution deposition method. 
 
Chemical Vapor Deposition (CVD) 
 
Vapor-phase precursor is used. CVD depends on the availability of a volatile 
chemical which can be converted by some reaction into the desired solid film. In 
every CVD process, there is of necessity some reaction path that converts the 
vapors to a solid. The chemical reaction occurred when the precursor arrived at a 
heated substrate to yield a fully dense deposit. This reaction is necessary to happen 
on the substrate, and not everywhere else.  
 
K. Haga et al. has reported the fabrication of epitaxial ZnO grown on sapphire 
substrates by remote plasma-enhanced CVD of Zn(C2H5)2 and carbon dioxide 
[19]. High optical quality and smooth surfaces films were obtained at substrate 
temperature of 400C. Then they fabricated ZnO films using atmospheric pressure 
MOCVD method at substrate temperature 475C. The properties of the films are 
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dependent on the film thickness. The room temperature cathodoluminescence 
spectra exhibited only a strong peak at 379 nm corresponding to the band edge 
emission of ZnO [20]. Further, they fabricate ZnO films by low-pressure MOCVD 
method at substrate temperatures between 475 and 540C. C-axis oriented ZnO 
films were successfully grown on p-type Si wafers at temperature of 520 C with 
ZnO buffer layers [21]. They prepared Ga-doped ZnO films at substrate 
temperature 520C and obtained resistivity and Hall mobility of about 6.9 × 10-4 Ω 
cm and 40.9 cm2/ Vs, respectively [22]. J. Jo et al. has grown ZnO TFT by 
MOCVD at 450C. The ZnO TFT showed 15 cm2/Vs mobility with enhancement 
mode TFT operation [23]. K-S. Kim et al. has investigated the effect of growth 
temperature on ZnO thin film prepared by MOCVD technique. Highly c-axis 
oriented ZnO thin films were obtained at the temperature of 200-250C and the 
ZnO thin films were successfully deposited at the lower temperature of 100-
150C. The c-axis orientation of the film improved and the grain size increased by 
increasing growth temperature, which may be due to the atoms have enough 
diffusion activation energy at high temperature to occupy the correct site in the 
crystal lattice and grains with the lower surface energy will become larger at high 
temperature [24]. 
 
 
Table 13.2   Summarize of the properties of ZnO films grown by chemical vapor 
deposition method. 
 
 
 
Mist CVD method has been developed as a safe and economical growth technique 
of ZnO-based thin films by Kawaharamura group [25]. This technique utilized 
aqueous or alcohol solution of zinc acetate, which is a safe material, as a zinc 
source, and the micro-sized aerosol or mist particles formed by applying 
ultrasonic-power were supplied with the carrier gas to the reaction area. The 
growth temperature plays an important role in determining the structure of ZnO 
films. At lower temperatures ZnO films tended to have random orientation rather 
than c-axis orientation. At low growth temperature like 300C, the films are 
polycrystalline with no preferential orientation [26]. This might be due to the fact 
that there is no enough energy at low temperatures for atoms to move to low-
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energy sites, which induces strain in the films. Then, they developed a new growth 
system that enables film growth at high temperatures, up to 800C [27]. At 300-
500C, the ZnO films have a polycrystal structure. With raising growth 
temperature, the ZnO (0002) enhanced with other peak become fainter. And the 
ZnO (0002) peak completely predominated at 800C growth temperature [27]. 
ZnO films grown at 800C, was obtained a high transparency with transmission 
higher than 90% with resistivity, electron concentration and Hall mobility 
approximately 0.49 Ωcm, 1 × 1018 cm-3, 9.1 cm2 V-1·s-1 [27]. These results are still 
inferior to those of high-quality ZnO single-crystalline films and bulk crystals 
fabricated by MBE [3] or magnetron sputtering method [2]. Then, they improved 
the electrical properties by using ZnO buffer layers [28]. They achieved mobility 
of the grown ZnO main layer as high as 90 cm2 V-1·s-1. This value is still lower 
than film fabricated by MBE method but considerably high among CVD-grown 
ZnO films reported [28]. However, the disadvantage of this method is 
uncontrollable heat to the source solution due to the ultrasonic-power supply to 
form micro-sized aerosol or mist particles. 
 
 
13.4 CONCLUSION 
 
A variety of techniques have been used to grow ZnO such as pulsed laser 
deposition [1], magnetron sputtering [2], MBE [3, 9], mist-CVD [25], MOCVD 
[29], and sol-gel method [30]. Among others techniques that have been discussed, 
CVD technology has advantages compared with other growth techniques because 
it gives rise to high-quality films and is also applicable to large-scale production 
and is yet a low-cost and simple technique [31]. CVD using metal-organic (MO) 
sources is an interesting method to fabricate ZnO films owing to its simplicity and 
capability to grow ZnO films at a low process temperature and the possibility of 
production in a large-area scale for industrial and flexible devices applications. 
However, the MO sources are expensive and react explosively with water and 
oxygen in atmosphere.  
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